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Chapter 1. Introduction and Background 
 
Modified from a chapter published in the Handbook of Biodegradable Polymeric Materials and Their 
Applications (2005)
1
 
 
Jon B. Thorstenson
2
 and Balaji Narasimhan
2
 
 
1. Introduction 
The demands of the 21
st
 century have imposed new responsibilities on materials scientists and 
engineers to develop and characterize novel materials that enable step-change advances in 
microelectronics, biomedical devices, and other technology driven industries.  The synthesis and 
characterization of new materials is expensive and time consuming, and most advanced materials are 
combinations of materials already in use.  The strategies used to develop these novel materials are 
primarily based on empirical methods, despite our increased knowledge of structure-property 
relationships.  The selection of appropriate composition and processing variables for the design of 
advanced materials is a complex optimization problem.  To comprehensively understand the 
synergetic effects of the non-linear coupling between materials structure, properties and processing 
variables, a more efficient and reliable method is needed to replace conventional “one sample at a 
time” experimentation. 
 
Combinatorial science embodies the use of massively parallel strategies for the creation and high 
throughput testing of enormous numbers of samples (i.e., libraries) for accelerated discovery.  
Combinatorial techniques are invaluable for generating potential solutions to complex problems 
possessing a vast search space, and represent a paradigm shift from the laborious, one-sample-at-a-
                                                 
1
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time approaches [1-6].  In contrast to the more Edisonian approaches employed successfully in its 
early applications to drug discovery, combinatorial high-throughput experimentation (CHTE) is 
emerging as a vital pathway to unravel the nonlinear structure-function-processing relationships in 
high performance materials.  CHTE is particularly well suited to materials science for two reasons.  
First, recent advances in instrumentation, computational tools, and theoretical material science have 
contributed significantly to the success of CHTE [7]. Second, many of the materials properties of 
interest (e.g., thermal, mechanical) can be easily varied by altering synthesis and sample preparation 
[8].  As mentioned before, by far, the best-known application of CHTE has been in the pharmaceutical 
industry, the first market sector to use CHTE in its search for new drugs.  While drug candidates are 
tested by solution processes, materials characterization involves determination of properties like 
modulus or interfacial reactivity, demanding screening tools well beyond those in the drug discovery 
arsenal.  Since advancements in this vital area await the development of new methods for library 
design and screening, the experimental aspects of these developments are a major focus area.   
 
The importance of CHTE is underscored by the billions of dollars in recent investments by industry 
leaders [1, 4].  The vitality of this area can also be gauged by an examination of the chemical 
instruments market ($47 billion in 1998), which is the sector that includes the hardware for both library 
design and screening [9].  While this sector is projected to grow at 3-5% in the next five-ten years, the 
predicted growth of the sub-sector for CombiSci instruments is 12-20%.  These indicators argue that 
the fundamental scientific and technological breakthroughs that will derive from CombiSci research 
will trigger a range of exciting economic development prospects.  
 
Although some authors use the terms “combinatorial”, “high-throughput” and “parallel” 
interchangeably, in this chapter the terms are used carefully to clarify the differences.  Table 1.1 
defines the terms most relevant to combinatorial science.  The term “combinatorial high-throughput 
experimentation” (CHTE) is used to describe the high productivity experimentation performed on 
samples made through combinatorial methods and often aided by miniaturization or robotics. 
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Table 1.1. Definition of Key Terms in Combinatorial Science [10-12]. 
Term Definition 
Combinatorial Chemistry The synthetic combination of diverse molecules 
Combinatorial Experimentation An experiment which combines variables and 
examines relationships between the variables 
High-Throughput Experimentation Experimentation that uses miniaturization, 
robotics and parallel techniques to increase 
productivity 
Combinatorial Synthesis The use of a combinatorial process to prepare 
an library of compounds 
Parallel Synthesis The use of arrays of parallel reactors to 
synthesize discrete samples 
Split/Pool Synthesis The synthesis of discrete samples in a series of 
reactors in which individual reactors are 
pooled, mixed, and split where they are 
subsequently reacted with other chemicals 
Combinatorial Library A discrete or continuous array of compounds 
prepared by Combinatorial Synthesis 
 
 
2. The Combinatorial Method 
There is a diverse set of technological needs critical to advancement of CHTE concepts in the 
materials area.  Fig. 1.1 overviews the many inputs to a typical CHTE process in materials, mimicking 
those used in drug discovery.  The inputs consist of: 
 
 Target definition via expert opinion, hypothesis, computational modeling and experimental 
design; 
 Library synthesis through automated deposition or processing of an n-dimensional sample 
matrix; 
 Rapid, massively parallel methods of screening libraries for target properties by integration of 
robotic sample handling and manipulation platforms, microfluidic systems, and sensitive 
characterization methods; 
 Informatics/computational methods for extracting key information from large numbers of 
dense data sets; and 
 Validation tests utilizing scale-up processes and models to confirm the activity of micro/nano-
sized samples translates effectively to the macroscopic (bulk) forms of the materials. 
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Figure 1.1. Schematic of the steps involved in CHTE 
 
2.1. Experimental Design 
The goal of experimental design is to limit the extent of parameter space such that the experiment to 
be carried out will have a better chance of collecting useful data in a feasible amount of time.  In order 
to limit parameter space and focus in on more relevant areas, prior experimental results, scientific 
intuition, and mathematical models are used.  However, when planning a combinatorial experiment a 
balance must be made between utilizing prior knowledge to decrease parameter space and to 
increase efficiency and preserving the chance of making a novel discovery by observing a greater 
parameter space [13]. 
 
CHTE is uniquely adapted to hypothesis generation, due to its ability to analyze a broad parameter 
space, where insufficient scientific knowledge is available.  Conventional experimental methods often 
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focus on hypothesis testing where there is sufficient data to rationally formulate testable hypotheses 
[13].  When designing a combinatorial experiment the following items must be considered [10]: 
 Parameters and the range of parameters that are most relevant to the system being studied 
must be selected.  As stated before, the breadth of parameter space can be limited by 
examining prior experimental data, scientific intuition, and mathematical models. 
 In order to generate useful data or hits, the complexity of parameter interaction must be 
evaluated. 
 When screening for a new material, a range of acceptable values for a parameter of interest 
must be established in order to determine what comprises a successful hit. 
 Rapid sequential experimentation must be used to focus in on “hot spots”. 
 The degree that an experimental apparatus can vary an observed parameter must be 
considered.  
 Combinatorial experiments must be constrained such that they are executable within the 
limits of existing technology.   
 There are feasible limits to how large a library can be synthesized.  A mosaic of libraries 
maybe needed to see the overall picture.  
 
2.2. Synthesis of Libraries 
The preparation of combinatorial libraries can be accomplished by applying either a discrete or a 
continuous methodology.  The discrete technique utilizes arrays of distinct mixing wells or films.  For 
example, a two dimensional array can be created in a 96-well plate format by discontinuously varying 
one parameter along the wells that form the x-axis while another simultaneously varying another 
parameter along the (orthogonal) y-axis wells.  On the other hand, a continuous combinatorial library 
employs the use of parameter gradients.  Often two parameter gradients are applied orthogonal to 
each other on a two dimensional film.  Figure 1.2 illustrates an example of a discrete and continuous 
library. 
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Figure 1.2. Schematic of continuous and discrete libraries 
 
Meredith et al. [14] classify discrete and continuous combinatorial libraries as either formulation or 
synthesis libraries.  Formulation libraries examine the effects of blending, additives and processing 
conditions on pre-synthesized polymers.  Conversely, a synthesis library explores the effect of 
variables such as catalyst, stoichiometry, and reaction conditions on polymers synthesized after the 
library has been created. 
 
Continuous methodologies are inappropriate for synthesis libraries because any data collected at 
compositions deemed relevant by experimental design is tainted by local variation in reaction 
conditions.  In contrast, discrete mixing wells afford the certainty that a response or measurement is 
linked to a specific composition.  Formulation libraries can be prepared by either continuous or 
discrete approaches, depending on whether or not the experimenter wants to mimic a gradient 
parameter observed during a processing step.  For example, continuous composition gradients can 
be applied during extrusion by varying the relative amount of two polymers fed into the hopper [15, 
16]. 
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Even though continuous libraries are more effective with formulation applications, there are some 
major disadvantages of continuous relative to discrete [14].  First, there is currently no commercial 
equipment available for the production of continuous combinatorial samples.  Second, continuous 
gradients are driving forces for heat and mass transfer.  If careful experimental design is not carried 
out, any experimental results could be meaningless.   
 
Complex arrays and gradients can be created by spatial deposition techniques via liquid handling 
robots, automated spotting systems, field-assisted precursor delivery, vapor deposition, and micro-
machined/microfluidic systems.  Split-and-pool synthesis, molecular evolution, and chemical 
amplification strategies are also used. In complex systems in which the combinatorial search space 
includes reagent composition, concentration, temperature or pressure, multi-reactor and micro-
machined systems have been developed.  Other library design methods include: synthesis via 
molecular evolution in homogeneous catalysts and biorecognition agents; gradient deposition of 
polymer films; and chemical printing of complex structures on solid surfaces. 
 
2.3. High-Throughput Characterization/Screening 
High-throughput characterization develops qualitative and quantitative relationships between 
variables confined within the parameter space of a combinatorial library.  Dar [17] defines high-
throughput screening as “the selection of successful samples from a [CHTE] study, where the 
selection is based upon some predetermined criterion such as chemical reactivity, or a physical 
property of interest.”  The physical property of interest may be measured in a screening experiment 
just like it is in a characterization experiment.  Optical, spectroscopic, and scanning probe 
microscopy-based and massively parallel multiplexed analytical detection methods have been 
successfully used to screen material libraries.  Table 1.2 lists some methods that can be used to 
characterize variables within an experimental space of interest. 
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Table 1.2. Parameters and analysis methods used to characterize combinatorial libraries 
Analysis Method Measured Parameter 
Raman spectroscopy Density, mechanical properties, molecular 
weight and concentration of side products 
Fluorescence spectroscopy Molecular weight and concentration of side 
products 
FTIR spectroscopy Chemical composition, functionality distribution 
Size Exclusion Chromatography Molecular weight distribution 
Interaction Chromatography Chemical heterogeneity, functionality 
distribution 
Ellipsometry imaging Film thickness 
TOF-SIMS Surface properties 
Scanning probe microscopy Mechanical properties, surface forces, friction, 
adhesion 
Scanning electrochemical and scanning mass 
spectrometry 
Reactivity 
 
 
2.4. Informatics and Validation 
The radical changes in information generation and structure driven by CHTE require sophisticated 
informatics tools to digest massive data sets and advanced statistical analysis methods to address 
multi-dimensional error analysis and experimental design.  Potyrailo et al. [18] distinguish between 
qualitative and quantitative methods of informatics analysis.  Qualitative analysis deals with 
visualization, pattern recognition, and detection of abnormalities in the data while quantitative analysis 
uses linear and nonlinear multivariate calibration methods such as principal component, partial least 
squares, locally weighted regression, neural networks, and self-organization maps.   
 
The sheer quantity and complexity of data generated from CombiSci experiments far exceeds that 
from traditional experimental science.  For example, library design parameters often include complex 
measurement and control errors with interdependent data components such that analysis requires 
intricate multiple risk-control.  These issues are further compounded by split-and-pool processing, 
performance screening, or interpolation/extrapolation of outcomes.  Thus, meta-analytic inference 
procedures are required to verify the scientific context of the data.  
 
Several examples exist in the literature that employ these and other analytical tools in prior predictive 
and classification analyses based on data generated by CTHE experiments [19-22].  Outcomes from 
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the informatics analysis are used to guide the next generation of CTHE experiments.  To validate the 
hypotheses and predictive models, cross-validation methods common to machine learning are 
commonly used in addition to experimental validation of data mining results.   
 
In order to ascertain whether a quantitative or qualitative relationship correctly predicts material 
behavior, it is compared with conventional empirical data.  Validating data obtained through CHTE is 
the last step in the combinatorial method and its results are used to guide future experimental 
designs.   
 
2.5. Benefits and Challenges of the Combinatorial Approach 
In summary, the pros and cons of applying CHTE to materials science are outlined below [23, 24]:  
Pros: 
 Efficient characterization of thermodynamic, surface, interfacial, mechanical and kinetic 
properties;  
 Rapid hypothesis testing and generation; 
 Rapid discovery of functionalized materials for specific applications; 
 Develop trends by comparing different parameter spaces of the same library; 
 Cost-effective; and 
 Low variance due to experimental conditions. 
Cons:
 
 No universal screen for positive “hits”; 
 Properties vary continuously and result in large parameter space; 
 Some properties depend on sample size; and 
 Many properties depend on process history. 
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3. Combinatorial Methods for Biodegradable Polymers 
Novel biodegradable polymers are particularly useful for implantable medical devices because they 
eliminate the need for surgical removal.  Kohn and Langer [25] identify four types of degradable 
polymeric implants: temporary scaffolds, temporary barriers, drug delivery devices, and 
multifunctional devices.   
 
The temporary scaffold is used when artificial support is needed around an area of damaged tissue.  
Examples include sutures for wound mending, bone pins for broken bones and vascular grafts for 
damaged blood vessels.  While the temporary scaffold must provide mechanical strength to the weak 
tissue it must also be designed to lose that mechanical integrity over time otherwise the tissue 
surrounding the implant will be subject to stress shielding and fail to heal completely.  Temporary 
barriers are used to prevent clotted blood from fusing two separate tissues together.  These barriers, 
which are made of thin polymeric films and mesh materials, are inserted between adjacent tissues 
during a surgical procedure.  Drug delivery devices maintain a sustained release of therapeutic agent 
into a host and stabilize the drug until the target area is reached.  The release kinetics of many drug 
delivery systems can be tailored by altering the hydrophobicity and hydrophilicity of the polymeric 
device.  A multifunctional device combines the functionality of different implants into one device.  For 
example, a multifunctional device could be a suture that releases a drug to help wound healing.  
Table 1.3 summarizes medical applications of some commonly used biodegradable polymers.   
 
Table 1.3. Applications Of Biodegradable Polymers [25, 26]. 
Polymer Name Polymer Structure Applications 
Poly(-hydroxy acid) 
 
 Drug delivery devices 
 Sutures 
 Orthopedic devices 
 Temporary scaffolds 
 
 
Poly(hydroxyl alkanoate) 
 
 Drug delivery devices 
 Sutures 
 Artificial skin 
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Table 1.3. (Cont.) 
Polymer Name Polymer Structure Applications 
Poly(-caprolactone) 
 
 Drug delivery devices 
 Degradable stable 
 Degradable suture  
 Tissue-engineered bone 
scaffolds 
 Hard tissue filler 
 Tissue-engineered cartilage 
 
Poly(amide) 
 
 Suture materials 
 Artificial skin 
 Drug delivery devices 
 Degradable bone nails 
 
Polyanhydride 
 
 Drug delivery devices 
 Sutures 
 Bio-absorbable prostheses 
 
Poly(ortho ester) 
 
 Drug delivery devices 
Poly(phosphazene) 
 
 Drug delivery devices 
 Heart valves 
 Heart pumps 
 Blood vessel prostheses 
 Biodegradable sutures 
 
Poly(cyanoacrylate) 
 
 Bioadhesives 
 Drug delivery devices 
 
 
The design and synthesis of novel degradable materials for biological and medical applications has, 
to date, been strongly empirical because of the complexities of biological systems.  Serial approaches 
to understand interactions of biomaterials with biomolecules and cells and their effect on function 
reveal only a “small piece of the puzzle,” limiting the ability to predict optima in such a large search 
space. CTHE approaches are invaluable in gaining a more generalized mechanistic picture of 
structure and function.  Several examples exist in the literature where CTHE methods have been 
12 
 
applied to obtain new insights on the structure-function relationships in complex biodegradable 
polymers.  These are briefly discussed below.   
 
Kohn and co-workers [27-31] report the parallel synthesis of a library of biodegradable polyarylates by 
using vials with Teflon®-lined caps in a two-dimensional x-y grid in a shaker bath.  By charging each 
vial with the appropriate amount of monomer and other reagents, and by controlling the temperature 
of the bath, parallel reactions were carried out to synthesize polyarylates with variations in the 
chemistry of the aliphatic diacid and the diphenol components of the copolymer (see Figure 1.3).  
Systematic changes were made in: a) the # of methylene groups; b) the # of oxygen molecules that 
replaced methylene groups; and c) polymer chain configuration by introducing branched and aromatic 
units.  This library was screened for glass transition temperature, air-water contact angle, mechanical 
properties (such as Young’s modulus, yield stress, and strain at break), and fibroblast proliferation.  It 
is important to note that in this study, high throughput screening methods were not used for each of 
the above properties.  However, the screening of the library did result in a number of useful trends for 
biomaterials design.  For example, the surface hydrophobicity (characterized by the contact angle) 
was more sensitive to the pendant chemistry than to the chemistry of the backbone.  The addition of 
methylene groups in the backbone was found to have a detrimental effect on the mechanical 
properties of the polymers.  The authors also found that fibroblast proliferation decreased with 
increase in surface hydrophobicity.  The same authors also developed efficient screening techniques 
to determine other relevant biomaterial properties (such as fibrinogen adsorption, gene expression in 
macrophages, growth of fetal rat lung fibroblasts (RLFs)). They developed a semi-empirical model to 
(i) determine structure-biological response relationships, and (ii) predict fibrinogen adsorption and 
RLF growth.  The agreement of the model predictions with experimental data was satisfactory (38 out 
of 45 correct responses for fibrinogen adsorption and 41 out of 45 correct responses for growth of rat 
lung fibroblasts). 
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Figure 1.3. Chemical structure of degradable polyarylates.  Variations in the polymer 
backbone are represented by R and those in the pendant chain are represented by R’. 
 
Meredith et al. [32] applied gradient-library methods (described in detail in [33]) to study the effect of 
surface features of blends of biodegradable poly(D,L-lactide) (PDLA) and poly(-caprolactone) (PCL) 
on osteoblast cell function.  The authors observed that cell adhesion and proliferation occurred 
preferentially in two-phase regions of the lower critical solution temperature (LCST) system (see 
Figure 1.4).  The phase behavior was studied using optical microscopy and cell density and 
morphology were assayed by fluorescence microscopy.  The discovery of an optimal processing 
temperature and blend composition for dramatic increase in the expression of alkaline phosphatase 
underlines the value of this approach.   
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Figure 1.4. PDLA-PCL blends stained by safranin (A) and alkaline phosphatase after 5-day 
culture with UMR-106 cells, showing preferential adhesion and alkaline phosphatase 
expressions in the two-phase region of the LCST phase diagram.  (C) is the alkaline 
phosphatase stained tissue culture polystyrene control after 5 days; (D) and (E) are alkaline 
phosphatase stained libraries after 5-day culture with MC3T3-E1 cells.  (F) is an alkaline 
phosphatase stained TCPS control for (D) and (E).  Reprinted with permission from Wiley. 
 
Langer and co-workers [34, 35] have developed large libraries of degradable cationic polymers based 
on -amino esters in an effort to identify suitable non-viral carriers for gene therapy.  The chemical 
diversity in this system is exploited by varying the amines and the diacrylates that form the amino 
esters (see Figure 5).  The key feature of their high throughput system was that solvent (dimethyl 
sulfoxide (DMSO)) was present during the synthesis, storage, and testing steps.  This enabled the 
use of robotic liquid handling systems and the use of automated 96-well formats, which facilitated 
cell-based testing of the efficiency of polymer transfection.  The plasmid of choice in this study was 
the luciferase expressing pCMV-luc and a fibroblast cell line from monkey kidneys was chosen.  The 
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polymer:DNA ratio was also varied to optimize the transfection conditions.  New correlations between 
polymer hydrophobicity and DNA transfection efficiency were identified.  The studies were able to 
reduce the number of viable polymer candidates from 2350 to 46.  In another independent study, the 
same group studied the effect of polymer parameters such as molecular weight, chain end group, and 
polymer:DNA ratio on several gene transfer properties and identified combinations of the parameters 
for optimal transfection efficiency.   
 
 
Figure 1.5. Chemical structure of degradable poly(-amino ester)s.  The top structure shows a 
product of the conjugate addition of a primary amine to a diacrylate and the bottom structure 
shows a product of the conjugate addition of a secondary amine to a diacrylate.  R, R’, and R” 
are varied. 
 
In addition to the above studies, there also exist studies with biodegradable polymers that can be 
adapted to CTHE.  Vogel et al. [36] developed a new microwave-based polymerization scheme to 
rapidly synthesize polyanhydrides.  These surface-eroding biomaterials are conventionally 
synthesized by melt polycondensation of acetylated dicarboxylic acid prepolymer and typically takes 
2-3h.  This does not include the time taken to prepare and isolate the acetylated prepolymer, which 
can last up to 4 days.  The results showed that polyanhydrides of various copolymer compositions 
(based on sebacic acid (SA) and 1,6-bis-(p-carboxyphenoxy)hexane (CPH)) could be synthesized 
with the microwave method in less than 30 minutes and the properties (e.g., polymer molecular 
weight, co-monomer sequence lengths) were in excellent agreement with those of conventionally 
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synthesized polymers.  This method has potential in the development of libraries of polyanhydride 
copolymers, which can then be screened for various biological properties (interaction with proteins, 
biocompatibility, surface contact angle).  Vogel et al [37] also designed a discrete library of 
polyanhydrides based on SA and CPH using a rapid prototyping approach to fabricate multiwell 
substrates. These libraries were characterized at high throughput using infrared microspectroscopy 
and investigated in parallel for combinatorial drug release. The methodology described in the work 
has been amended to combinatorially study phase behavior and cell viability in this thesis. There are 
other examples of library design methods for polymers that can be adapted for biodegradable 
polymers to enable the creation of large libraries ready for high throughput screening [38-43].   
 
4. Summary and Outlook 
In summary, this chapter provides an introduction to the combinatorial methodology and the potential 
for this approach for the design of novel biodegradable polymers for specific applications in medicine 
and biotechnology.  This is a relatively new area, so there are only a few examples in which 
combinatorial methods have been directly applied to study biodegradable polymers.  The advances in 
library design (through parallel synthesis and through the development of gradient-based and other 
methods) are encouraging, though newer methods are required to study phenomena such as 
chemical degradation kinetics of these polymers.  Another challenge is in the area of high throughput 
screening methods for biodegradable polymers.  The next decade should see rapid advances in 
these instrumentation-intensive areas that will enable huge advances in our understanding of the 
non-linear structure-function relationships in these complex systems. 
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 Chapter 2.  Research Goals  
 
The overall goal of this thesis is to design and implement novel combinatorial and high-throughput 
methods for biomaterials synthesis and characterization.  This overall goal can be divided into two 
specific goals.  The first specific goal focuses on applying continuous and discrete combinatorial 
methodologies to the application of biodegradable polymer blend phase behavior.  The second 
specific goal is aimed at the development of a parallel cytotoxicity screening technique based on the 
high-throughput parallel synthesis of biodegradable polymer libraries.   
 
The biodegradable polymer system used in this research study is based on two polyanhydrides 
composed of 1,6-bis(p-carboxyphenoxy)hexane (CPH) and sebacic acid (SA).  Homopolymer blends 
were used for phase behavior experimentation and copolymers were used for cytotoxicity screening.  
Polyanhydrides have been studied by Langer et al. [1-6] since the 1980s as carrier platforms for the 
delivery of therapeutic drugs due to their unique mechanism of erosion.  Both polymers contain 
hydrolytically labile anhydride bonds and break down into biocompatible carboxylic acid degradation 
products.  Drug delivery devices comprised of CPH/SA exhibit surface erosion due to the hydrophobic 
aliphatic and aromatic moieties of the SA and CPH monomers respectively.  This is in stark contrast 
to bulk eroding poly(ester)s which swell in the presence of water.  A fitting analogy to describe each 
erosion mechanism is urface erodible polyanhydrides degrade like a bar of soap: one layer at a time.  
Bulk eroding poly(ester)s degrade more uniformly because they swell and promote water diffusion 
just as a cube of sugar.  Even though poly(CPH) and poly(SA) demonstrate the same erosion 
mechanism, they erode at completely different rates.  For surface erodible systems, the release of 
drug can either lead or lag the overall erosion rate of the polymer.  In a phase-separated system, an 
understanding of the degradation kinetics of each constituent phase is required to gain an 
understanding of drug release.  The kinetics of drug release have been shown by Shen et al. [7] to be 
affected by the partition coefficient of drug in each phase and the relative amount and composition of 
each phase.  Thus, an intimate knowledge of phase behavior is required to predict and tailor drug 
release kinetics.  The use of combinatorial and high-throughput methods for phase behavior 
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experimentation plays an integral role in correctly choosing device chemistry/composition in order to 
tailor drug release profiles. 
 
The hydrophobicity of the CPH/SA system is not only tied in with the mechanism of erosion, but it 
also comes into play with the stabilization and immunogenicity of encapsulated proteins due to its 
water exclusion properties.  The stability of loaded proteins is highly dependent on the ability of the 
delivery device to both shield it from surrounding water and provide an amphiphilic stabilizing 
environment.  The hydrophobic nature of CPH and SA was shown by Determan et al. [8] to be 
instrumental in conserving the enzymatic activity of tetanus toxoid, ovalbumin and lysozyme.  The 
highly hydrophobic nature of CPH produced an adverse effect on the secondary and tertiary 
structures of ovalbumin, indicating hydrophobic interactions between the two.  Detrimental CPH/SA 
diacid degradation products were shown to not affect encapsulated protein due to the solubility of 
these acids from the polymers.  The acidic degradation products of bulk eroding polymers (e.g., PLA, 
PGLA) create low pH microenvironments, which are harmful to proteins.  Microsphere delivery 
devices incorporating hydrophilic ethylene glycol moieties (1,8-bis(p-carboxyphenoxy)-3,6-
dioxaoctane, CPTEG) were shown by Torres et al. [9] to provide a more conducive environment for 
proteins by preventing covalent and non-covalent aggregation mechanisms.  Incorporation of 
combinatorial phase behavior experimentation can help understand the effect of polymer blend 
microstructure on protein stability.   
 
Single dose vaccine delivery devices based on CPH/SA copolymers were used by Kipper et al. [10] to 
modulate the immune response between the humoral (Th2) and cell-mediated (Th1) pathways.  It 
was hypothesized that polymer degradation kinetics and the interaction of hydrophobic polymer with 
antigen presenting cell (APC) receptors govern immune response modulation.  As with drug release 
profiles, the combinatorial phase behavior experiment plays an important role in the determination of 
polymer degradation kinetics.  Extrapolating high-throughput cytotoxicity screening to polymer/APC 
interaction requires little modification.  
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for the Determination of Polyanhydride Phase Behavior 
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Abstract 
Combinatorial strategies have been developed to study the phase behavior of biodegradable 
polyanhydrides for drug and protein delivery applications. The polyanhydrides of interest are poly[1,6-
bis(p-carboxyphenoxy) hexane] (CPH) and poly[sebacic anhydride] (SA). Both continuous and 
discrete polymer blend libraries were fabricated by using a combination of solution-based gradient 
deposition and rapid prototyping. Blend compositions were characterized via a unique high 
throughput transmission mode FTIR sampling technique and compared against theoretical mass 
balance predictions. To obtain phase diagrams of CPH/SA, the effect of blend composition and 
annealing temperature on the miscibility of the blend was studied. This gradient library was observed 
with optical microscopy in order to determine cloud points. These results were compared with a 
theoretical phase diagram obtained from Flory-Huggins theory and the agreement between the two 
methods was very good. The high throughput method demonstrates that the CPH/SA system exhibits 
upper critical solution temperature behavior. These libraries are amenable to other high throughput 
applications in biomaterials science including cell viability, cell activation, and protein/biomaterial 
interactions. 
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1. Introduction 
Application of multi-component polymer systems has become increasing common, due to the time 
and effort required to design completely new chemistries.  The physical and chemical intertwining of 
different polymers often yields a new material with unique properties representative of the synergetic 
effects of the constituents. For multicomponent drug delivery devices, an understanding of polymer 
phase behavior can be utilized to tailor drug stabilization and release profiles. 
 
In the present study, the effect of blend miscibility on polyanhydride homopolymers composed of 1,6-
bis(p-carboxyphenoxy)hexane (CPH) and sebacic acid (SA) is of particular interest (see Figure 3.1).  
Devices made from CPH/SA exhibit surface erosion as opposed to the bulk eroding mechanism 
employed by poly(ester)s.  The surface erosion of CPH/SA is due to the hydrophobic nature caused 
by the aliphatic and aromatic moieties of the poly(SA) and poly(CPH) monomers respectively.  
Surface erodible polymers have drug release profiles governed by erosion kinetics rather than 
diffusion and swelling that is the trademark of hydrophilic bulk eroding systems.  Due to the fact that 
poly(CPH) has a slower degradation rate than that of poly(SA) [1], a phase separated drug delivery 
device will erode and release its payload at differing rates depending on spatial position on the 
surface.  The overall release kinetics in a phase separated system is governed by the relative rates of 
degradation, the partition coefficient of the drug between the phases and the relative amounts, and 
composition of each phase [2].  Thus, an intimate knowledge of phase behavior is required to predict 
and tailor drug release kinetics. 
 
 
Figure 3.1. Structures of poly(SA) and poly(CPH) 
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The characterization of blend miscibility can be a time consuming process if carried out by the 
conventional one sample at a time approach.  The application of combinatorial and high-throughput 
methods to phase behavior experimentation facilitates rapid scanning of parameter space for 
properties of interest.  The biggest challenge in the implementation of combinatorial methods is library 
fabrication and high-throughput screening.  In the present study, we retrofit previously described 
sample preparation and characterization tools for the study of polyanhydride phase behavior.  A 
modified solution based flow-coating method pioneered by Meredith et al. [3] was used to created 
continuous gradient thin film libraries.  A discrete methodology was adapted from the work of Cabral 
and Vogel [4-6] in which thiolene arrays were imprinted on substrates using photolithography.  Both 
the continuous and discrete libraries were annealed on a temperature gradient stage and observed 
for the presence of cloud points.  Flory-Huggins theory and previous miscibility work done by Kipper 
et al. [7] was implemented in the theoretical determination of the phase boundary.  Both the 
experimental and modeled phase diagrams were validated by conventional experimentation.   
 
2. Experimental 
2.1. Materials 
Norland optical adhesive 81 (NOA 81) was purchased from Norland Products, Inc (Cranbury, NJ).  
Silicon based vacuum greases, NyeTorr 5300 and Nye Fluorocarbon Gel 811-1, were purchased 
from Tai Lubricants (New Castle, DE) in order to reduce friction and sticktion in the drive screws for 
the linear actuators. IR transparent calcium fluoride wafers were obtained from Wilmad Labglass 
(Buena, NJ).  Deuterated chloroform for NMR characterization was purchased from Cambridge 
Isotope Laboratories (Andover, MA).  HPLC-grade chloroform, acetic anhydride, methylene chloride, 
hexane, sulfuric acid and acetic acid were purchased from Fischer Scientific (Hampton, NH).  The 
chemicals 4-hydroxybenzoic acid and N-methyl-2-pyrolidinone were purchased from Sigma Aldrich 
(St. Louis, MO).  1,6-dibromohexane was purchased from Acros (Fairlawn, NJ). 
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2.2. Polymer Synthesis and Characterization 
Homopolymers of sebacic acid (SA) and 1,6-bis(p-carboxyphenoxy)hexane (CPH) were prepared by 
a modified method described by Conix et al [8].  Prepolymer and monomer functionality was verified 
by proton nuclear magnetic resonance (
1
H NMR) conducted on a Varian VXR 300 MHz spectrometer 
(Varian Inc., Palo Alto, CA).  The chemical shifts exhibited by the samples dissolved in deuterated 
chloroform were calibrated with respect to the chloroform peak at δ= 7.26 ppm.  Number average 
molecular weights and polydispersity indices were determined by gel permeation chromatography 
(GPC).  Samples were dissolved in HPLC-grade chloroform and separated on a Waters GPC 
chromatograph (Milford, MA) containing PL Gel columns (Polymer Laboratories, Amherst, MA).  
Elution times were compared to monodisperse polystyrene standards (Fluka, Milwaukee, WI).  
Polymer melting points and glass transition temperatures were determined by differential scanning 
calorimetry (DSC) traces obtained from a Q20 DSC (TA Instruments, New Castle, DE).  Polymer 
samples were sealed in an aluminum DSC pan and heated from 25˚C
 
to 180˚C and then quenched 
back down to room temperature at a rate of 10˚C/min.  Representative properties for poly(SA) and 
poly(CPH) are shown in Table 3.1 below. 
  
Table 3.1. Molecular weight and thermal properties of poly(CPH) and poly(SA).  
Polymer Mn PDI Tg (˚C) Tm (˚C) 
Poly(CPH) 20,438 2.04 46 143 
Poly(SA) 6,889 2.43 62 82 
 
2.3. Continuous Library Fabrication 
Continuous combinatorial polyanhydride libraries were fabricated by modifying a method described by 
Meredith et al [3].  The preparation of these libraries can be divided into three general steps: gradient 
mixing, gradient deposition and film spreading.  In gradient mixing, one push-pull syringe pump 
(KDS120, KD Scientific, MA) was used to infuse a poly(CPH) solution (2wt% in chloroform) into a 
20mL scintillation mixing vial (V = 8mL of 2wt% SA in chloroform) while simultaneously maintaining 
the vial volume by way of the withdraw side of the pump.  Both syringes on the mixing pump operated 
at a volumetric flowrate (I and W respectively) of 60 mL/hr.  The syringe pair on the push-pull pump 
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consisted of two 10 mL syringes (Popper, Hyde Park, NY) connected to 24” long, 20 gauge stainless 
steel capillaries via a luer lock connections.  As this dynamic mixing process was taking place, a 
second syringe pump (NE-1000, New Era, Farmingdale, NY) with a 500 μL syringe (Hamilton, Reno, 
NV) was used to withdraw a sample of the time dependent concentration fluctuation.  A three part 13 
μL sample was drawn up at a rate of S = 42 μL/hr into a 20 gauge stainless steel capillary tube.  The 
first 3 μL were withdrawn 2.1 seconds before the mixing process began, the next 7 μL represent the 
desired concentration gradient and the last 3 μL was taken after the mixing process had completed. 
Figure 3.2 below, depicts a generalized schematic of the gradient mixing process.  The presence of 
the buffer solutions and the dimensions of the gradient have important implications for gradient 
deposition.   
 
Figure 3.2. Gradient mixing - a pure poly(CPH)/chloroform solution was injected into an 
initially pure poly(SA)/chloroform solution.  During this dynamic mixing process, a syringe 
was used to withdraw a sample such that the gradient solution was captured in the syringe 
capillary. 
 
In gradient deposition, a robotic sample manipulator was utilized to deposit the gradient contained in 
the capillary tube into the form of a line on a 50x3mm calcium fluoride wafer (Thermo Scientific, 
Waltham, MA) as shown in Figure 3.3.  The robotic apparatus was comprised of a custom-made 
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sample holder situated on a 60mm translation stage (TSB60-I, Zaber, Richmond British Columbia, 
Canada) with a 60mm linear actuator (KT-LA60A, Zaber).  A notable feature of the custom fabricated 
sample holder is the presence of cooling coils wrapped around the base.  The coils, together with a 
circulating bath, glove box, and dehumidifier, can be used to inhibit premature solvent evaporation 
between gradient deposition and film spreading.   
 
Once the gradient mixing process was completed, the capillary containing the three part sample was 
positioned over the sample manipulating robot in such a way that the tip of the capillary was 7.5 mm 
from the edge of the CaF2 wafer.  The deposition of the sample was done at a volumetric flowrate of 
2518 μL/hr and was started in conjunction with the movement of the wafer underneath the capillary tip 
such that the wafer velocity matched the fluid dispensing velocity.  In this way, the length of the 
gradient deposited onto the substrate matches the length of the gradient in the capillary.  The 
absence of gradient compression during deposition ensures that detrimental mixing does not occur.     
 
The first 3 μL buffer section was dispensed from the capillary while the deposition robot moved the 
7.5 mm distance between the tip and the substrate.  The buffer was not deposited on the substrate 
but was wiped from the capillary tip just as it contacted the edge of the wafer.  The purpose of this 
initial buffer was to spare the gradient of any deleterious evaporation in the time required to 
accurately position the sample capillary tip prior to deposition.  At the moment the tip reached the 
edge of the substrate the desired gradient started to deposit.  Once the 7 μL sample was dispensed, 
the syringe pump stopped so that the last buffer section remained in the capillary.  The purpose of 
this buffer section was to account for lag in the syringe pump stepper motor at the initiation of sample 
withdrawal from the mixing vial during gradient mixing.   
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Figure 3.3. Gradient deposition - the gradient solution was deposited in the form of a line on 
an infrared transparent 50x3mm CaF2 substrate. 
 
The objective of the last stage of the process, film spreading, was to spread the deposited line 
orthogonal to its gradient so that a two dimensional thin film is formed (Figure 3.4).  The process of 
spreading the film was accomplished by means of a second robotic apparatus consisting of a glass 
knife-edge attached to a linear stepper motor.  The base of the apparatus, which provided the 
accurate placement of the knife-edge, was formed by a 90˚ bracket (Model 360-90, Newport, Irvine, 
CA) attached to an XZ axis positioning stage (Model 462-XZ, Newport).  On top of this mounting 
platform were a 60mm linear stage (TSB60-I, Zaber) and actuator (KT-LA60A, Zaber), tilt platform 
(Model 36, Newport) and custom-made knife-edge armature.  The tilt platform provided a 5˚ angle 
between the glass knife-edge and calcium fluoride wafer.  The spreading of the gradient by the 
stepper motor was done at a velocity of 4 mm/s after which most of the solvent had evaporated.  Any 
residual solvent was removed during an annealing step prior to characterization using optical 
microscopy.   
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Figure 3.4. Film spreading - the gradient line was spread into a film via a stepper motor 
controlled knife-edge. 
A quantitative prediction of the gradient composition in terms of poly(CPH) mass fraction as a function 
of time (minutes) was shown by Meredith et al. [3] to be represented by the following equations. 
Equation 1 
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Here, I = infusion rate (mL/min), W = withdrawal rate (mL/min), S = sampling rate (mL/min), Mo = 
initial vial volume (mL), t = time (min), SA,0x  = initial mass fraction of SA and SA  = mass fraction of 
SA in the film.   
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The material balance (Eq.1) denotes the mass fraction of poly(SA) in the vial as a function of initial 
poly(SA) concentration in the vial, initial vial volume, time and the volumetric flowrate of the infuse, 
withdraw, and sample pumps.  The mass fraction of poly(SA) after deposition (Eq. 2) represent the 
ratio of the poly(SA) mass fraction in the film and the sum of the poly(SA) and poly(CPH) mass 
fractions in the mixing vial.  As discussed later, these equations were useful both for experimental 
design and for validation of high-throughput characterization results.   
 
2.4. Discrete Library Fabrication 
2.4.1. Thiolene Well Plate Synthesis 
The fabrication of discrete well plates was accomplished by a modified photolithography method 
previously described by various authors [4, 9-12].  The basic concept of the process is to form wall-
like structures by selectively polymerizing areas of a thiolene-based resin by means of a collimated 
UV source and discriminating mask.  The UV mask was designed using MS Word and printed out on 
a standard black and white laser printer.  These templates were then converted into transparencies 
and layered amongst one another to obtain a mask that exhibits both high resolution and contrast.  
Black electrical tape was used to affix four mask layers to a standard 2”x3” borosilicate glass slide, 
which provided both mechanical integrity and a flat surface with which to polymerize on.  Stainless 
steel spacers were then positioned and taped to the outside corners of the glass slide to form an 
upper limit on the thickness of the polymerizing resin.  A release layer of aluminum foil was used 
instead of the polydimethylsiloxane release layer (PDMS Sylgard 184 Base and PDMS Sylgard 184 
Cure (Dow Corning, Midland, MI)) employed by other researchers [4, 9-11] because of its availability 
and ease of use.  The synthesis of PDMS films requires a cure time of 12 hours and often results in 
uneven features, which have a detrimental effect on the uniformity of the resulting thiolene device.    
 
As shown in Figure 3.5 below, a standard 4” ID plastic Petri dish was used as a platform for the 
overall photolithography process.  Once the aluminum foil release layer was placed in the Petri dish, 
a small amount of NOA 81 (~5-10mL) was poured over the top.  The mask-substrate assembly was 
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carefully positioned over the unreacted thiolene in such a way as to avoid trapping air bubbles.  
Instead of bringing the mask and thiolene together in a parallel fashion, one edge was dipped into the 
thiolene prior to bringing the surfaces together.  That way, any bubbles residing on the glass/thiolene 
interface would propagate to the edge of the substrate and not interfere with the formation of the 
wells.  The whole setup was exposed to a collimated UV lamp (λ=365nm) at an intensity of 
25mW/cm
2
.  After 5min the aluminum foil release layer was carefully peeled away to expose the 
partially cured thiolene and unreacted monomer.   
 
 
Figure 3.5. Schematic of photolithographic design of discrete thiolene well substrates. 
 
As opposed to removing unreacted thiolene from the multi-well device with ethanol or acetone [4-6, 
11], the thiolene array itself was stripped from the glass substrate (via putty knife) and subjected to 
gentle bursts of compressed air to remove the bulk of the monomer.  A residual amount of unreacted 
thiolene was left on the array so that it could be adhered to another substrate.  The benefit of total 
array delamination before post-curing is that perfectly clean well bottoms can be achieved and 
substrates other than glass can be utilized.  Libraries to be used for cloud point observation (10x10 
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format) were reattached to 2”x3” glass slides.  For high-throughput FTIR quantification of the discrete 
methodology, 5x4 arrays (discussed below) were bonded to double polished 2” ID silicon wafers 
(University Wafer, South Boston, MA).  Each of the two array types were post-cured under UV light 
for 30 minutes at 50mW/cm
2
.  Finally the discrete well substrates were thermally cured for 5hrs at 
180°C. 
 
2.4.2. Microfluidic Dispensing Apparatus 
Libraries of linearly varying composition of CPH/SA were fabricated at high-throughput by way of 
microfluidics and robotics.  The dispensing of homopolymer solutions (1.5 wt% in HPLC grade 
chloroform) was achieved by using two programmable syringe pumps (New Era Pump Systems) each 
equipped with a 10 mL luer lock glass syringe (Popper) connected to a 24” long, 20 gauge stainless 
steel capillary.  In order to produce homogenized droplets of sufficiently low volume (~15 μL) it was 
necessary to bring the CPH and SA source pumps together at a mixing point prior to droplet 
formation.  The printer head, shown in Figure 3.6, was comprised of a 3 way Y-adapter (C-31507-81, 
Cole- Parmer, Vernon Hills, IL) connected to a male-male luer lock adapter (C-31507-55, Cole-
Parmer) and 12” long, 20 gauge luer lock capillary.  To produce a desired composition, the syringe 
pumps first purged the printer head of the previous mix ratio.  For example, if a 25/75 CPH/SA vol% 
droplet was required, the SA syringe pump would have a flowrate three times that of the CPH pump.  
Simultaneously started, the dual pumps had a combined flowrate of 0.5 mL/min and total running time 
of 120 seconds.  The 2mL CPH/SA solution delivered by the pumps during the purge operation was 
more than enough to reset the printer head for the next deposition.  Once the printer head was 
flushed of the previous sample, droplets could be dispensed into discrete well substrates for a total 
volume not to exceed 200μL.  This threshold represents the maximum allowable sample volume 
without contamination by the single pump pushing the droplets through the printer head.  The upper 
limit on the available sample can be increased by lengthening the printer tip capillary.   
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Figure 3.6. Schematic of microfluidic dispensing apparatus.   
 
The XYZ translational positioning of discrete substrates underneath the stationary printer head was 
accomplished by means of three programmable, motorized stages arranged in an orthogonal fashion.  
The X-Y translation plane was controlled by two 60mm linear stages (TSB60-IV, Zaber, Richmond, 
British Columbia, Canada) powered by two stepper motor actuators (KT-LA60A-SV, Zaber).  The Z-
axis was comprised of a single 28mm linear stage (TSB28-IV, Zaber) and actuator (KT-LA28A-SV, 
Zaber).  Angle brackets (AB90-I, Zaber) were used to connect the Z-axis with the X-Y stages and a 
custom built sample holder.  A well was milled into the sample holder to act as a reservoir for the 
purge operation of the printer head.  To reduce friction and sticktion in the drive screws, NyeTorr 
5300 lubricant (Tai Lubricants, New Castle, DE) was sparingly applied to the drive threads.  Regular 
maintenance of the actuator kept translational reproducibility to within a few microns.  Integration and 
control of the syringe pumps and positioning robot was achieved with the use of third-party macro 
software (Insight Software Solutions, Kaysville, UT) alternately communicating with the pumps (DOS) 
and stages (Visual Basic) via RS232 communication lines.   
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A schematic detailing the deposition of CPH/SA compositional gradient arrays for phase behavior 
experimentation and high-throughput FTIR quantification is shown in Figure 3.7.  For phase boundary 
observation, a 10x10 well plate format was adopted in which each column in the array contained a 
uniform composition ranging from 10/90 to 60/40 vol% CPH/SA across the ten rows.  
Characterization by FTIR microspectroscopy was carried out by pooling together each column in the 
phase behavior library and depositing as a whole into a 5x4 array (repeated twice per substrate).  The 
more open features of the 5x4 device (7.4mm x 7.4mm x 3mm) made it possible to conduct 
transmission mode FTIR with little possibility of detrimental IR/thiolene contact.  
 
 
Figure 3.7. CPH/SA compositional gradient arrays for phase behavior experimentation (10x10) 
and FTIR quantification (5x4). 
 
2.5. Library Characterization – FTIR 
The profile of the composition gradient was characterized via high-throughput transmission mode 
Fourier Transform Infrared Spectroscopy (FTIR).  The mole fraction of poly(CPH) as a function of 
position was determined by calculating the area ratio of a characteristic poly(CPH) peak to a 
characteristic poly(SA) peak and comparing that ratio to a previously prepared calibration curve.  
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Once the characteristic peaks were chosen (discussed later), a calibration curve was constructed by 
collecting FTIR spectra of polymer thin films ranging from blend compositions of 10:90 to 90:10 
CPH:SA in increments of 10mole%.  Standards of blend solutions consisting of 1wt% CPH/SA 
polymer in HPLC grade chloroform were spun cast onto infrared transmissive calcium fluoride wafers 
at 1500 rpm for 30 seconds using a spin coater (Headway Research Inc., Garland, TX).  The thin film 
samples were dried at room temperature and pressure for one hour.  Spectral data of the calibration 
standards was obtained on a Nicolet 6700 FTIR spectrometer (Thermo Scientific).  Line maps and 
discrete point maps were collected for continuous and discrete libraries respectively on a Nicolet 
Continuum infrared microscope (Thermo Scientific) outfitted with a liquid nitrogen cooled mercury 
cadmium telluride (MCT) detector and X-Y robotic translation stage.  Two hundred scans were 
collected for each data point at a resolution of 4cm
-1
 and nitrogen purge flowrate of 30 SCFH.   
 
2.6. Library Characterization – Optical Microscopy 
Both the continuous and discrete libraries were annealed on a custom-built, continuous temperature 
gradient stage and observed via optical microscopy for the existence of the polymer blend phase 
boundary.  The continuous temperature gradient stage consisted of a (6”x4.5”x1.5”) block of 
aluminum heated on one side by a 470W heating cartridge (CSH-304470/120V, Omega, Stamford, 
CT) and cooled on the other side by an ethylene glycol circulating bath (1162A, VWR, West Chester, 
PA).  Pure ethylene glycol was utilized as a coolant for both its thermal stability (Tb = 197C) and its 
excellent fluidic characteristics (SG = 1.1).  The ½” ID, 4” long heating cartridge was controlled by a 
PID auto-tune temperature controller (CN9000A, Omega).  Thermal conductive paste (OT-201-1/2, 
Omega) was applied to the heating elements prior to installation in order to improve thermal contact 
and to elongate cartridge lifespan.  A lock-down plate was used to keep the elements from sliding out 
of the block and burning out.  An environmental control shroud was utilized to prevent sample 
oxidation and to expedite phase transitions via partial pressure reduction [13].  As opposed to using a 
highly conductive metal like aluminum, brass was chosen for the construction of the shroud due to its 
increased thermal resistance and adequate mechanical strength.  A 3”x3”x¼” slab of borosilicate 
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glass formed the viewing window, which was clamped down to the T-gradient stage and sealed with 
viton gaskets (Scientific Instrument Services, Ringoes, NJ).  Three ¼” NPT ball valves were affixed to 
the shroud base allowing for vacuum, inert gas and vent connections.  Thermocouple ports for K-type 
penetration probes (SMP-NP-K-125G-6, Omega) were situated along the base of the heating block to 
assist in temperature profile determination.  Figure 3.8 shows a schematic of the T-gradient stage and 
environmental control shroud.  Dimensions and general machining notes of the custom-fabricated 
temperature stage are shown in Figures 1-8 of the Appendix.   
 
 
Figure 3.8. Schematic of linear temperature gradient stage.   
 
Libraries were heated past the melting points of both polymers prior to annealing on the T-gradient 
stage in order to erase thermal history.  To accomplish this, the cooling side of the temperature stage 
was shut down, allowing the heating cartridges to establish a uniform temperature.  After one hour the 
T-gradient was brought online by adjusting the heater set point and initiating the cooling bath.  Once 
the library was exposed to the linear temperature gradient, it was allowed to equilibrate for 3 hrs 
before the phase boundary was captured optically by a CCD camera (KP-M2U, Hitachi Kokusai 
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Electric Inc., Tokyo, Japan) equipped with an adjustable focus lens (AF Micro-Nikkor 60mm f/2.8D, 
Nikon, Melville, NY). 
 
3. Results and Discussion 
3.1. FTIR – calibration and quantification  
In order to quantify an FTIR spectrum and obtain valuable information on the relative amounts of 
constituents, the chemical functionalities of the multi-component sample must be paired with the 
measured absorption bands.  Once the high absorbing bands are identified, a decision must be made 
as to which peak(s) to choose to represent each component in the sample.  A typical IR spectrum of a 
poly(CPH)/poly(SA) blend and a breakdown of its main constituent peaks is shown in Figure 3.9 and 
Table 3.2 respectively.  The characteristic peak chosen for poly(CPH) is a sharply defined peak at 
1605 cm
-1
 and represents the aromatic ring stretching of the CPH moiety.  The feature chosen for 
poly(SA) is at 1810 cm
-1
 and represents the carboxyl anti-symmetric stretching of the aliphatic-
aliphatic anhydride bond.   
 
 
Figure 3.9. Representative FTIR spectrum of a 60:40 mole% CPH:SA blend. 
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Table 3.2. Spectral peaks utilized in the FTIR quantification of CPH/SA blends [14]. 
Peak 
# 
Wavenumber  
(cm
-1
) 
Description 
1 1810 Poly(SA) ALI-ALI anhydride bond C=O anti-symmetric stretch 
2 1775 Poly(CPH) ARO-ARO anhydride bond C=O anti-symmetric 
stretch 
3 1740 Poly(SA) ALI-ALI anhydride bond C=O symmetric stretch 
4 1710 Poly(CPH) ARO-ARO anhydride bond C=O symmetric stretch 
C=O stretch in carboxylic acids 
5 1605 Poly(CPH) aromatic ring stretch 
6 1579 Poly(CPH) aromatic ring stretch 
7 1510 Poly(CPH) aromatic ring stretch 
 
Characteristic peaks should preferably be strong, narrow bands relatively segregated from other 
absorption bands.  However, the majority of FTIR data (see Figure 3.9) is a spectral aggregate 
representing the summation of multiple smaller peaks in close proximity.  In order to ascertain the 
spectral contribution of a single band, a mathematical deconvolution of the raw data is needed.  
Assuming that the constituent peaks can be described by a normal standard distribution (Gaussian 
function) the following equations can be used to model the area occupied by an individual band 
(Equation 3) and overall spectra (Equations 4 and 5). 
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Here, y = value of the distribution (absorption), x = the value for which the distribution is sought 
(wavenumber, -∞<x<∞), μ = arithmetic mean, σ = standard deviation (σ>0) and φ = relative 
contribution of the distribution to spectrum as a whole (CPH:φ1→φ4, SA: φ1→φ3).[15]  The main 
objective of deconvolution is to fit an existing spectrum with Gaussian functions positioned where 
individual peaks are known to be centered and vary the standard deviations and relative contributions 
until a reasonable match can be made.  It is not advisable to fit the entire spectrum from 4000cm
-1
 to 
400cm
-1
 with Gaussian curves just to determine the area of a few characteristic peaks.  The wider the 
wavenumber range modeled, the greater the number of required normal distributions, which in the 
end means more variables (μ, σ) to consider.  The endpoints of the peak fitting model should have 
absorbencies close to the baseline value.  With these two guidelines in mind, the CPH/SA spectrum 
was divided into two regions each containing a characteristic peak.  Figures 3.10 and 3.11 show the 
two regions used to model the SA peak (1650 – 1850cm
-1
) and the CPH peak (1495 – 1630cm
-1
) 
respectively.  In each graph, the solid black line represents actual data collected from a spectrometer.  
The thin black lines represent the modeled Gaussian functions and the dotted line represents the 
spectral summation of all the peaks (Equation 4).  The unknown variables for each peak (μ, σ) were 
determined iteratively using MS Excel Solver by employing Equation 5 as the forcing function.   
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Figure 3.10. Peak fitting an FTIR spectrum of a CPH/SA blend in the 1650 – 1850 cm
-1
 spectral 
range.  The peak at 1810 cm
-1
 is used for quantification of poly(SA). 
 
 
Figure 3.11. Peak fitting an FTIR spectrum of a CPH/SA blend in the 1495 – 1630 cm
-1
 spectral 
range.  All three peaks represent aromatic ring stretching exhibited from the CPH 
homopolymer.  The sharp peak at 1605 cm
-1
 is used for quantification of poly(CPH). 
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The calculated peak areas for CPH (1605cm
-1
) and SA (1810cm
-1
) were ratioed to one another and 
divided by their respective monomer molecular weights in order to account for the effect that differing 
values of Mr might have on the area of the characteristic peak.  The peak areas were also divided by 
their respective number of occurrences of characteristic peak functionality per monomer.  Since the 
characteristic functionality for CPH (aromatic ring) and SA (aliphatic-aliphatic anhydride bond) both 
occur twice per monomer unit, the effect on the following equation can be factored out. 
 
Equation 6 
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Here, XCPH,measured = calculated CPH area ratio, AreaCPH,1605cm^-1 = measured CPH characteristic peak 
area, AreaSA,1810cm^-1 = measured SA characteristic peak area, Mr,CPH = CPH monomer molecular 
weight (340 g/mole) and Mr,SA = SA monomer molecular weight (184 g/mole).  In order to obtain CPH 
mole fractions, the measured area ratios collected from standard solutions (described previously) 
were plotted against their known CPH content.  The resulting data shown in Figure 3.12 was fitted 
with a second degree polynomial with an R
2
 value of 0.9951.  The trend line function was used in 
conjunction with the expression for the measured CPH ratio (Equation 6) to yield a final equation for 
actual CPH mole fraction (Equation 7). 
 
Equation 7 
0138.0939.19725.0 ,
2
,, measuredCPHmeasuredCPHactualCPH XXX  
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Figure 3.12. Calibration curve for the FTIR quantification of CPH/SA thin polymer films.   
 
3.2. FTIR – continuous and discrete libraries 
Characterization of polymer thin films via transmission, specular reflectance and reflection-absorption 
FTIR modes have been utilized in many different combinatorial and high-throughput applications.  
Specular reflectance of thick polymer films was used by Sormana et al. [16] to study the effect of 
chain extender composition on the mechanical properties of segmented poly(urethane-urea)s.  The 
reflection-absorption technique has been utilized extensively by Simon and Eidelman et al. [17-19] to 
investigate the effect of poly(L-lactic acid) / poly(D,L-lactic acid) blend composition on cell proliferation 
and mechanical modulus.  Transmission mode FTIR was employed by Martin et al. [20] to 
characterize poly(diethylaminoethylacrylate) / poly(dimethylaminomethylstyrene) thin films deposited 
on IR transmissive silicon wafers via combinatorially initiated chemical vapor deposition (CVD).   
 
Of these three types of non-contact infrared characterization techniques; transmission mode was 
chosen to quantify the compositional gradients of both the continuous and discrete methodologies for 
a number of important reasons.  First, the IR source intensity in transmission mode is double that of 
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what is available to reflection techniques.  As shown in Figure 3.13, the Schwarzschild objective of an 
FTIR microscope is segregated into two (180°) halves during reflection mode.  One half is dedicated 
to delivering IR energy from the source and the other half is dedicated to collecting reflected light and 
sending it to the MCT detector.  In transmission mode (Figure 3.14), a separate objective called a 
condenser is used to gather refracted light exiting the opposite end of the library.  This intensity 
differential means that transmission has a signal-to-noise ratio twice that of reflection mode.  
Considering that the Nicolet Continuum microscope receives 5% of the total IR source energy emitted 
from the main bench spectrometer, this can have a significant effect on the resulting data.  The 
second advantage to using transmission mode is the suitability of the raw data for quantification and 
qualitative comparisons.  Specular reflectance from glassy or crystalline substances promotes 
detrimental dispersion effects which give resulting data a first derivative type nature [21].  The 
Kramers-Kronig transform can be used to convert reflection data into a form comparable to 
transmission spectra but should be used for qualitative analysis only.  Reflection-absorption mode on 
the other hand, does not require mathematical post-processing due to the physics of internal 
reflection and its effect on the resulting data [22, 23].   
 
 
Figure 3.13. Schematic cross-section of data collection via reflection mode FTIR 
microspectroscopy. 
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Figure 3.14. Schematic cross-section of high throughput data collection via transmission 
mode FTIR microspectroscopy. 
 
The most important reason for utilizing transmission mode for quantification of polymer blends is that 
it measures bulk properties regardless of homogeneity (miscible or immiscible).  Specular reflectance 
on the other hand, is tool for surface property measurement because the incident infrared energy 
reflects specularly off the exterior face of the polymer film.  Reflection-absorption can be either a bulk 
or surface technique depending on if any inhomogeneous species are present and are of the same 
length scale as the film thickness threshold for measurement (~5μm).  Because the microstructure of 
phase separated CPH/SA has been shown to be on the order of 5μm [7] (also shown later in our 
experiments), characterization by reflection-absorption would require spectral averaging with respect 
to position.  This time consuming step can be bypassed since transmission microscopy can be used 
to penetrate films two to four times as thick.  Films on the order of 100μm can be quantified with 
transmission performed via a main bench spectrometer.  Table 3.3 summarizes the advantages and 
disadvantages for transmission, specular reflection and reflection-absorption respectively. 
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Table 3.3. Comparison of transmission and reflection mode FTIR for characterization of thin 
films of polymer blends [24]. 
 Transmission Mode  Reflection Mode 
(Specular) 
Reflection Mode 
(Reflection/Absorption) 
Pros  Bulk properties for 
heterogeneous and 
homogeneous thin films, 10-20 
μm thick (suitable to polymer 
blends) 
 Raw data is suitable for 
qualitative comparisons and 
quantification 
 Twice the available source 
energy as reflection 
 
 Minimal sample prep 
 Simpler microscope 
alignment and 
configuration 
 Thickness unimportant 
 
 Minimal sample prep 
 Simpler microscope 
alignment and configuration 
 Kramers-Kronig conversion 
not required for quantification 
and qualitative comparisons to 
transmission 
 Bulk properties for 
homogeneous thin films, 
<5μm thick (suitable to 
copolymers) 
 
 
Cons  Difficult sample prep 
 Extensive microscope 
alignment 
 Spectral data shifts (as 
compared to 
transmission) 
 Surface technique (not 
suitable to polymer 
blends) 
 Focus more critical 
 Kramers-Kronig 
conversion required for 
quantification and 
qualitative comparisons 
to transmission 
 Half the available source 
energy as transmission 
 
 Spectral data shifts (as 
compared to transmission) 
 Surface properties for 
heterogeneous thin films, 
<5μm thick (not suitable to 
blends) 
 Focus more critical 
 Half the available source 
energy as transmission 
 
 
The pairing of discrete well libraries with high-throughput transmission FTIR has been explored by 
Leugers et al. [25] in an attempt to design a characterization technique more reliable and easier to 
automate than other spectroscopic methodologies.  The discrete substrate fabricated by Leuger 
featured a 100mm ID x 4mm thick silicon wafer with an 8x7 array of 7mm ID holes.  This array was 
bonded to a 500μm thick silicon wafer by spin coating and hot pressing the wafers together with an 
industrial adhesive.  The major disadvantage of this technique as opposed to the previously 
described thiolene/silicon array is that the Leuger method requires the industrial adhesive to be 
removed from the well bottoms in a post-processing acid stripping step.  Unlike the proposed 
thiolene/silicon substrate, this non-disposable fabrication technique produces wells that are not truly 
free of binding agent and as a result could produce detrimental spectral artifacts.   
 
Figure 3.15 shows the experimentally measured composition profile of a CPH/SA continuous library.  
A linear profile ranging from 10/90 to 60/40 CPH/SA vol% was measured in accordance with the 
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mixing parameters (described earlier) prescribed by the mass balance (Equations 1 and 2).  The 
reasoning behind the chosen composition range is described later. 
 
 
Figure 3.15. Experimentally measured composition profile in a CPH/SA polymer blend 
continuous library.  The line represents the mass balance as predicted by Eq. 3.1 and 3.2. 
 
The state of fluid flow in the sampling capillary and syringe were examined in order to ascertain the 
presence of any detrimental turbulent mixing conditions.  Because the gradient solution was very 
dilute, the values of viscosity and density were assumed to be equal to that of pure chloroform.  With 
this in mind, the ranges of possible values for the Reynolds number (Re = Dvρ/μ) were calculated for 
the minimum and maximum velocities for the syringe and capillary as set by the syringe pump 
capabilities.  It can be observed from Table 3.4 that regardless of velocity chosen for gradient sample 
withdrawal or deposition, the Reynolds number remains less than 10.5.  Because the maximum 
Reynolds number was far below the turbulent transition (Re ≈ 2100 - 4000), conservation of the 
gradient was ensured. 
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Table 3.4. Calculation of the range of possible Reynolds numbers for the gradient sampling 
syringe and capillary 
 Diameter 
D 
Viscosity  
μ 
Density 
ρ 
Minimum 
Velocity, v 
Maximum 
Velocity, v 
Minimum 
Reynolds # 
Maximum 
Reynolds # 
 (mm) (kg/m*hr) (g/cm
3
) (mm/s) (mm/s)   
500 μL 
Syringe 
3.26 1.93 1.49 9.99x10
-5
 0.212 0.001 1.9 
20 gauge 
Capillary 
0.595 1.93 1.49 2.98x10
-3
 6.35 0.005 10.5 
 
The composition gradient of a CPH/SA discrete library measured via the thiolene/silicon array 
methodology is shown in Figure 3.16.  As with the continuous library, a composition range of 10/90 to 
60/40 CPH/SA vol% was employed.  The linearity of the profile spanning the library demonstrates not 
only the accuracy of the printer head mixing conditions but also the viability of the thiolene/silicon 
substrate as a platform for high-throughput transmission FTIR characterization. 
 
 
Figure 3.16. Experimentally measured composition profile in a CPH/SA polymer blend discrete 
library.  A trend line is shown to exemplify the linearity of the gradient across each well. 
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3.3. Optical microscopy 
Both the continuous and discrete libraries were annealed on a continuous temperature gradient stage 
and observed via optical microscopy for the existence of the polymer blend phase boundary.  The 
phase boundary separating the miscible and immiscible regions of the library was visible due to 
differences in opacity.  The miscible region appears translucent and turns opaque upon crossing the 
binodal into the immiscible region.  The formation of micro-domains during spinodal decomposition 
causes a change in the index of refraction, which in turn defines opacity.  The temperature profile 
used to anneal the libraries orthogonal to their applied concentration gradient is shown in Figure 3.17.  
Even though the stage is capable of providing a temperature gradient spanning 90°C over 3”, the 
libraries annealed on the block only see a fraction of it.  To predict the temperature as a function of 
position, the T-profile was interpolated with a fitted linear trend line. 
 
 
Figure 3.17. Experimental temperature profile for the T-gradient stage.  A trend line is shown 
to exemplify the linearity of the gradient across the heating block.   
 
Optical microscopy images of a discrete and continuous library annealed with a temperature gradient 
are shown in Figure 3.18.  Libraries for microscopy were fabricated with slight differences from their 
FTIR counterparts.  In order to improve visual contrast between the polymer and surrounding 
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thiolene, the discrete library was printed into the same 10x10 array three times resulting in films with 
an estimated thickness of 30μm.  This estimation was done mathematically assuming a density of 1.1 
g/cm
3
 for both poly(SA) and poly(CPH).  Placing a silicon wafer underneath the annealing library also 
improved contrast.  The continuous library was created with double the polymer concentration (4wt%) 
both to improve contrast and prevent dewetting.  The resulting film was estimated to be around 
800nm thick.  For improved thermal contact, the continuous films were spread on silicon wafers 
instead of calcium fluoride (CaF2 cracks under thermal shock).   
 
 
Figure 3.18. Discrete and continuous experimental phase diagrams for poly(CPH)/poly(SA) 
blends. 
 
Both libraries exhibited a flat profile phase boundary (that occurs at 113˚C for the discrete library and 
at 115˚C for the continuous library), which can be explained after a consideration of the composition 
range used.  Both libraries clearly show that the poly(CPH)/poly(SA) blend exhibits upper critical 
solution temperature (UCST) behavior. An upper threshold of 60/40 CPH/SA vol% was chosen due to 
the previous findings of Kipper et al [7].  The semi-crystalline nature of poly(SA) and poly(CPH) has 
the potential to introduce inhomogeneities that can easily be mistaken for phase separation induced 
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microstructure.  The relatively low melting point of poly(SA) (TM,SA = 82°C) negates the ability of 
poly(SA) rich formulations to develop crystalline features near the critical point.  Compositions rich in 
poly(CPH) on the other hand, don’t experience loss of crystallinity until well above the phase 
boundary when the melting point of CPH is reached (TM,CPH = 143°C).  Apparent cloud points for high 
poly(CPH) regions approach its melting point, thus indicating a difficulty in discerning crystallinity and 
phase microstructure [7].  This problem is further compounded by the fact that crystallinity and phase 
separation features are on the order of the resolution of optical microscopy (1μm).  Therefore to be 
certain the observed opacity fluctuations were actually cloud points, a 60/40 CPH/SA vol% upper limit 
was chosen.  The degrees of polymerization for the CPH/SA homopolymers (NCPH = 122, NSA = 91) 
result in a fairly symmetric phase boundary.  This flattened symmetry (discussed later) combined with 
narrow composition range gives credence to the observed cloud points. 
 
3.4. Comparison with theoretical phase diagram and validation 
In order to establish a comparison point of reference for the experimental phase behavior, a 
mathematical model was utilized to locate the stable/metastable (binodal) and metastable/unstable 
(spinodal) miscibility boundaries.  The Flory-Huggins theory for the miscibility of a binary polymer 
expresses the Gibbs’ free energy of mixing as [26] 
 
Equation 8 
BAFHB
B
B
A
A
Amix
NNRT
G
lnln
 
 
Here, ΔGMIX = free energy of mixing, R = universal gas constant, T = temperature, φ = volume fraction 
of polymers A and B, N = degree of polymerization of polymers A and B and XFH = Flory-Huggins 
interaction parameter.  An empirical relation describing the interaction parameter was shown by 
Kipper et al. [7] to be related to entropic (a) and enthalpic (b) effects.  The interaction parameters 
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obtained from the intercepts of Zimm plots were shown to have the following values for the CPH/SA 
system.  
 
Equation 9 
TT
b
aFH
802
04.2  
 
This equation for the interaction parameter can be used in conjunction with the expression for the 
Gibbs’ free energy of mixing to determine the phase boundary.  The binodal is determined by the 
points of common tangency (slope and intercept) in a plot of ΔGMIX/RT vs φA on the T- φA plane [27].  
The spinodal is determined by the points of inflection in a plot of ΔGMIX/RT vs φA on the T- φA plane 
[27] or wherever the second derivative of the Gibbs’ equation is equal to zero (d
2
G/dφ
2
 = 0).  The 
critical temperature is located wherever the third derivative is equal to zero (d
3
G/dφ
3
 = 0).   
 
An iterative Matlab program was written to calculate the zeros of the Gibb’s equation (spinodal) and 
to find best fit tangencies of ΔGMIX/RT vs φA (binodal) for a temperature range of 75-116°C in 1°C 
increments.  The upper threshold of 116°C was used because it was the temperature that satisfied 
the third derivative requirement (TC).  The position of the phase boundary was validated by taking an 
optical image (100x) of a 50/50 vol% CPH/SA thin film annealed past the melting point of CPH (TM = 
143°C).  A second image was captured after the film was cooled well below the critical point.  As 
shown in Figure 3.19, the polymer blend exhibited relative continuity before undergoing spinodal 
decomposition below the phase boundary. It is instructive to note that the phase boundaries predicted 
by the combinatorial methods are in excellent agreement with the conventionally obtained phase 
diagram, thus validating the combinatorial methods. The combinatorial methods also correctly predict 
the UCST behavior observed by the conventional method. 
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Figure 3.19. Theoretical phase diagram obtained via Flory-Huggins theory and validated by 
optical microscopy. 
 
4. Conclusions 
Continuous and discrete library methodologies were implemented in the combinatorial and high-
throughput determination of polyanhydride blend phase behavior.  The continuous gradients were 
fabricated by using a three step solution-based flow coating method.  Discrete gradient arrays were 
rapidly prototyped with an XYZ translational robot and microfluidic printer head.  Blend compositional 
profiles were quantified by high-throughput FTIR coupled with mathematical Gaussian peak fitting 
models.  A unique thiolene/silicon prototyping platform was developed specifically for bulk property 
measurement via transmission spectroscopy.  To obtain phase diagrams of CPH/SA, the applied 
gradient libraries were annealed using a custom built temperature gradient stage outfitted with 
atmospheric control.  Optical microscopy was used to locate the miscibility phase boundary marked 
by differential microstructure induced opacity fluctuations (cloud points).  Results were compared with 
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theoretical phase diagrams derived from the application of Flory-Huggins theory of binary polymer 
miscibility excellent agreement was obtained with the results from the combinatorial methods.  Phase 
boundary observation via conventional sampling methods provided further validation.  The 
combinatorial methods correctly predict that the poly(SA)/poly(CPH) blend system exhibits UCST 
behavior. 
 
The synergetic effects of combining disposable thiolene/silicon discrete arrays with bulk property 
measurement by high-throughput transmission FTIR have vast application potential in material 
synthesis and characterization.  The results of this study imply the adaptability of generalized 
combinatorial and high-throughput techniques to other polymer systems along with the 
implementation of other combinatorial applications to polyanhydrides.    
 
Future work is focused on polyanhydride phase behavior determination by combinatorial and high-
throughput small angle x-ray scattering (SAXS).  The difficulty in differentiating phase microstructure 
and crystallinity of poly(CPH) rich formulations due to the low resolution of optical microscopy limits 
the range of blend compositions that can be characterized.  The ability of SAXS to provide nanometer 
scale resolution [28] paired with the relative ease of implementing high-throughput techniques makes 
it an excellent candidate for phase behavior experimentation.   
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Chapter 4. Ultra High-throughput In Vitro Cytotoxicity Screening of Discrete 
Polyanhydride Libraries 
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Abstract 
We have developed a high throughput method for prototyping discrete library substrates for rapid 
cytotoxicity and other cell-based screening of biomaterials. Surface-erodible polyanhydrides have 
been studied as carriers for drugs, proteins, and vaccines. The polyanhydrides in this work were 
based on sebacic anhydride (SA) and 1,6-bis(p-carboxyphenoxyhexane) (CPH). Within a few hours 
we designed, fabricated, synthesized, and characterized a linearly varying compositional library of 25 
different polyanhydride random copolymers (based on CPH:SA) using discrete (organic-solvent 
resistant) multi-sample substrates created with a novel rapid prototyping method. We have validated 
this methodology with NMR, GPC and high-throughput FTIR characterization of the library. The 
discrete library was rapidly screened with standard myeloma, epithelial, and macrophage cell lines 
and was found to have no pronounced cytotoxic effect for any CPH:SA composition at a 
concentration higher than that expected in in vivo biomedical applications. These results add to the 
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large body of evidence supporting the use of polyanhydrides as biocompatible materials for use in 
drug delivery devices. The methodologies we have described are amenable to numerous applications 
in the arena of high-throughput biomaterials synthesis and characterization and will enable rapid and 
rational design of biomaterials. 
 
1. Introduction 
Polyanhydrides are a class of degradable macromolecules with applications in drug delivery [1], 
sutures, bio-absorbable prostheses [2], and tissue culture scaffolding [3].  Their growing favor in 
these applications stems largely from their uniquely versatile and tunable behavior.  It is 
polyanhydrides’ potential for and history of positive impact [4], along with their chemical diversity that 
makes them ideal candidates for combinatorial testing [2]. 
 
Modern pharmaceuticals are becoming larger, more functionalized, and thus, are more susceptible to 
various forms of deactivation due to their chemical and physical environment [5-7].  It has therefore 
become highly desirable to form locally stable environments for these protein-based drugs during 
delivery and storage, such that their effectiveness is not attenuated by time or travel through the 
body.  Polyanhydrides are excellent candidates for protein stabilization and delivery due to their 
chemistry. 
 
Figure 4.1. Structure of poly(CPH:SA). 
 
Model proteins and antigens have been encapsulated in microspheres composed of random 
copolymers of 1,6-bis(p-carboxyphenoxy)hexane (CPH) and sebacic acid (SA) (Figure 4.1).  Protein 
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encapsulation into these polyanhydrides has consequentially been shown to preserve the primary 
and secondary structure of protein [7], and to provide for the sustained presentation of biologically 
active antigen [8, 9].  CPH:SA devices degrade by surface erosion, rather than the bulk erosion seen 
in polyesters.  Surface-eroding devices are able to exclude water from the interior during degradation, 
offering more protection for sensitive payloads [10, 11].  This unique feature has also been observed 
in vivo, which further favors polyanhydrides for potential use in human medicine [12, 13]. 
 
Polyanhydrides have also been used as adjuvants in vaccine delivery devices [10, 14].  A persistent, 
near zero-order drug release and polyanhydride chemistry can be used to control the immune 
response to an antigen.  Longer active antigen presentation, as afforded by the polyanhydrides’ 
protection and controllable degradation, results in greater balance between the humoral and cell-
mediated responses than direct delivery of the drug [8, 15].  Humoral or Th2 response is 
accompanied by antibody production, while cell-mediated, or Th1 response, is characterized by 
macrophage and cytotoxic T cell maturation and activity [16]. 
 
Modulation of this release of encapsulated substances is a critically important function of these 
polymeric devices, and is credited to the unique chemistry and kinetics of polyanhydride degradation 
in aqueous environment.  These polymers have been shown to degrade via hydrolysis to their acidic 
monomers [13, 17] over a period of years for poly(CPH) and weeks for poly(SA) [18, 19].  However, 
the most exciting aspect of these systems is not the consideration of two discrete homopolymers, but 
rather copolymers and blends of composition. 
 
Variability in copolymer degradation has been shown to be a function of monomer hydrophobocity in 
the system.  Less hydrophobic systems (SA rich) tend to degrade more quickly than more 
hydrophobic systems (CPH rich) [1, 20-23].  Initial burst release from microspheres can also be 
achieved for certain CPH:SA compositions, and release kinetics can be modified with altered 
59 
 
microsphere size [1].  Simple changes such as the number of glycolic oxygens in the polymer 
backbone result in similar differences [22, 23]. 
 
Every unstudied permutation of these polymer system properties (composition, concentration, 
synthesis conditions, etc.) signifies an unrealized potential for the discovery of unique chemical, 
biological, and physical behavior.  These formulations represent an infinitely large parameter space, 
which if approached with classical macroscale, single-synthesis methods (as utilized in every 
previously cited study) would require unacceptable amounts of time and money.  High-throughput 
combinatorial methods aim to satisfy the demand for rapid discovery without needlessly sacrificing 
accuracy, time, or cost. 
 
Combinatorial discovery was thrust into the limelight with large success in the pharmaceutical 
industry [2, 24].  Since then, there has been much interest in combinatorial methods in materials 
science.  Recently, the hurdles of expense [25, 26], characterization [24], and availability [27] are 
being overcome; wide accessibility greatly increases combinatorial methods’ efficacy in allowing more 
work to be done in parallel. 
 
Past combinatorial work in biodegradable polymers has focused largely on characterization of 
physical properties, such as glass transition temperature [28], and elastic modulus [29]. Combinatorial 
methods have also been used to screen cell adhesion to a polymeric substrate [30], protein 
adsorption [31], etc.  However to our knowledge none of the existing studies present an ultra rapid 
prototyping, parallel method for synthesis and for studying in vitro cellular interactions. 
 
It is the purpose of this work to present a new photolithographic approach to cellular polyanhydride 
screening in a facile format.  The speed, low cost, ease of use, and validity of this method will be 
demonstrated with the cytotoxic screening of discrete libraries of compositionally and 
concentrationally variant CPH:SA copolymer systems.  Utilization of this method will allow for very 
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flexible, very fast characterization of a number of cellular interactions prior to the more rigorous 
studies required for human use [32]. 
 
2. Experimental 
2.1. Materials 
HPLC Grade Chloroform, 100mm plastic Petri dishes, and 50x75x1mm precleaned glass microscope 
slides were acquired from Fischer Scientific.  200 proof ethanol was purchased from Chemistry 
Stores (Ames, IA).  Norland Optical Adhesive 81 was purchased from Norland Products Inc 
(Cranbury, NJ).  Sebacic acid and 1,6-bis(p-carboxyphenoxy)hexane prepolymers were prepared with 
slight modification to well known syntheses [33].  Deuterated NMR solvents (DMSO and chloroform) 
were purchased from Cambridge Isotope Laboratories (Andover, MA).  MTT (3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assays for cytotoxicity screening were obtained from  Sigma.  
Sp2/0 mouse myeloma cells were obtained from stock cultures maintained by Iowa State Hybridoma 
Facility, J774A mouse macrophage cell line was a gift from Jesse Hostetter from the Department of 
Pathology, Iowa State University and Chinese Hamster Ovary (CHO) cells were a gift from Michael 
Kimbler from the Department of Biomedical Sciences, Iowa State University. 
 
2.2. Discrete Library Substrate Preparation 
This section describes the steps required to rapidly prototype discrete solvent-resistant substrates 
capable of containing large enough fluidic volumes to support cell proliferation. This procedure is an 
adaptation of existing photolithographic techniques utilizing frontal-polymerizing optical resists [34] 
described elsewhere [27, 34-37]. Major modifications were made in the areas of ease of use, speed, 
durability, reproducibility and cost. This method uses a thiolene-based, UV curing optical adhesive 
(NOA 81). Mechanistically, this involves the addition of a thiyl radical to a vinyl functional group, 
followed by radical transfer from the ensuing carbon radical to a thiol functional group [38] (Figure 
4.2). 
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Figure 4.2. Thiolene-based photopolymerization [38]. 
 
The extremely fast curing in the presence of oxygen using UV light, without the need for traditionally 
required photoinitiators [39] means that fairly complex structures can be prototyped very easily and 
rapidly using a simple mask.  In this work, the desired 5x5 array of discrete wells was created using a 
photomask designed with a readily available drawing program and printed (in negative) on a 
commercially available laser printer.  The mask was then copied as many times as desired onto 
transparencies with a photocopier.  Four of the transparencies were carefully overlaid (to ensure 
complete UV opacity) and affixed to a standard glass microscope slide with electrical tape.  Wells 
were given lateral dimensions of 5x5mm, which when combined with a wall height of 2mm produced 
space for liquid volumes of 200µl – much greater than any previous work to our knowledge. 
     
Spacers were taped to regions of a second glass slide which fall outside the desired area of structure 
formation.  In general, the UV dose, rather than spacer height, determines feature height [34]. 
However, in this application, the spacers served as a selected upper limit to feature height (≈ 3mm).  
The corners of the glass slides were removed with a glass cutter to allow work inside standard Petri 
dish lids. Aluminum foil was cut into circles, flattened and laid into standard disposable Petri dish lids.  
The layer of aluminum served as a surface, which could be easily removed from the polymerized 
NOA 81. Previously published methods utilize a polydimethylsiloxane release layer (PDMS Sylgard 
184 Base and PDMS Sylgard 184 Cure (Dow Corning, Midland, MI)) [27, 34-36] that requires 12 
hours to cure, is more expensive, and produced unacceptably irregular and rounded features due to 
its uneven surface. 
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NOA 81 was then poured slowly onto the flat aluminum foil to an estimated depth slightly less than 
the height of the spacers.  The slide with spacers was slowly laid down onto the NOA 81 layer, 
allowing capillary action to wet only the lower glass surface smoothly. This was then exposed to a 
collimated long-wave UV source at an intensity of 25mW/cm
2
 for a period of 7 minutes, with areas of 
any undesirably exposed NOA 81 covered by a simple cardboard cutout. 
     
After precure, the aluminum foil layer was carefully peeled away from the structure beginning at each 
corner.  Unpolymerized NOA 81 was saved and successfully used later.  NOA 81 remaining in the 
wells was removed with a sustained blast of compressed air.  Liberal amounts of ethanol from a spray 
bottle helped to more sharply define the features.  The usual sparing acetone wash [27, 34-36] was 
abandoned in this step because its introduction in any amount resulted in cloudy discoloration and 
eventual delamination of the substrate. After the ethanol evaporated, the substrate was postcured 
under UV light for 17 minutes at 50mW/cm
2
.  Finally, the substrate was thermally cured at 80°C for 
12h.  
 
Discrete well substrates for high-throughput, transmission mode FTIR spectroscopy were fabricated 
in almost exactly the same way except for a few notable details.  Double polished silicon wafers 
(University Wafer, South Boston, MA) were used as the supporting substrate due to its excellent 
infrared transparency as opposed to borosilicate glass slides which absorb energy from 2200 cm
-1
 to 
400cm
-1
 in the mid infrared region.  A wafer diameter of 50 mm was chosen due to the X-Y 
translational limitations of the Nicolet Continuum infrared microscope (Thermo Scientific, Waltham, 
MA).  A thickness of 300 μm allowed ample infrared energy to transmit through the sample yet retain 
sufficient mechanical integrity during sample preparation and characterization.  An array of 5x4 wells 
(control row removed) was created similarly to the 5x5 libraries described earlier except that instead 
of removing unreacted NOA 81 resin from the thiolene/glass device with compressed air, the semi-
cured array was removed from the supporting glass slide altogether.  With no attached substrate, the 
array was subjected to compressed air to remove the majority of unreacted resin.  Leaving trace 
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amounts of unpolymerized resin aiding in adhering the array to a silicon wafer.  The device was 
postcured for 17 minutes at 50mW/cm
2
 and thermally cured at 80°C for 12h to improve adhesion to 
the substrate.  The resulting device featured super clean bottoms free of thiolene residue that would 
otherwise contaminate an infrared spectrum.  
 
2.3. Prepolymer Solution Deposition 
Libraries of varying concentration or mole fraction of CPH:SA were deposited at-high throughput by 
utilizing robotics.  Two programmable syringe pumps (New Era Pump Systems, Farmingdale, NY) in 
conjunction with three programmable motorized stages arranged orthogonally (Zaber Technologies, 
Richmond, British Columbia, Canada) served to fully automate depositions (Figure 4.3).  The pumps 
and syringes were controlled serially by third-party macro software operating on the actuators’ 
respective DOS and VB consoles.  Complete 5x5 depositions were routinely completed in 5 minutes. 
 
 
Figure 4.3. Deposition robot with completed library (color added to aid gradient visualization). 
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2.4. Combinatorial Polyanhydride Synthesis 
CPH:SA  copolymers were synthesized in the discrete well substrate from their corresponding 
prepolymers.  CPH and SA prepolymers were dissolved in chloroform and deposited in solution into 
the wells in various molar ratios. Following the deposition, acetic anhydride was added to the wells to 
initiate the synthesis in a ratio of 1mg polymer to 0.0451mL acetic anhydride. The libraries were then 
placed in a vacuum oven preheated to the 180°C and evacuated to a pressure of 30” Hg.  The 
temperature was allowed to equilibrate for 2 minutes before the vacuum was applied for 1 hour while 
the polycondensation reaction took place.  After syntheses, the polymer libraries were stored in 
desiccators. 
 
2.5. Characterization 
Copolymer structures were characterized by 
1
H NMR in deuterated chloroform on a Varian VXR 300 
MHz spectrometer (Varian Inc. Palo Alto, CA). Molecular weights were measured by gel permeation 
chromatography (GPC). GPC samples were dissolved in HPLC-grade chloroform and separated 
using PL Gel columns from Polymer Laboratories (Amherst, MA) on a Waters GPC system 
(Milford,MA). 50µl samples were eluted at 1 ml/min. Elution times were compared to monodisperse 
polystyrene standards (Fluka, Milwaukee, WI) and used to determine number averaged molecular 
weights (Mn), and polydispersity indices.  Fourier Transform Infrared Spectroscopy (FTIR) was 
conducted on a Nicolet Continuum infrared microscope (Thermo Scientific) in order to verify the ability 
of the robotics to accurately deposit linearly varying composition gradients.  Two hundred scans were 
collected for each data point at a resolution of 4cm
-1
 and nitrogen purge flowrate of 30 SCFH.   
 
2.6. Cytotoxicity Screening 
Cell viability in the presence of polyanhydrides was assessed using MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay.  The yellow tetrazolium salt is reduced to purple formazan 
by mitochondrial enzyme activity of living cells.  Thus, viable cells produce solutions that are more 
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absorbent at characteristic wavelengths.  Cells were grown to near confluency in either cRPMI (RPMI 
1640 containing L-glutamine (Mediatech, Herndon, VA) and supplemented with 1% nonessential 
amino acids (Mediatech), 1% sodium pyruvate (Mediatech), 2% essential amino acids (Mediatech), 
25 mM HEPES buffer (Mediatech), 100 units/ml penicillin, 0.1 mg/ml streptomycin (Mediatech), 0.05 
mg/ml gentamycin (Gibco), 1% L-glutamine (Mediatech), 5 x 10
-5
 M 2-mercaptoethanol (Sigma), and 
10% heat-inactivated fetal bovine serum) for the Sp2/0 or in CHO food (1 part Ham’s F12 and 1 part 
Dulbecco’s Modified Eagle Medium with 4.5 g/L glucose (Gibco) supplemented with 1% nonessential 
amino acids (Mediatech), 1% sodium pyruvate (Mediatech), 25 mM HEPES buffer (Mediatech), 100 
units/ml penicillin, 0.1 mg/ml streptomycin (Mediatech), 1% L-glutamine (Mediatech), 10% heat-
inactivated fetal bovine serum) for the J774 and CHO cells. Cells were maintained in a humidified 
incubator set at 37°C, 5% CO2. J774 cells were removed from culture flasks by gentle scraping with 
sterile cell scrapers (Fisher) and CHO cells were removed from culture flasks by treatment with 
Trypsin-EDTA solution (Gibco). For a portion of the experiment, CHO cells were grown in the 
presence of Amphotericin B, 2.5mg/L, stock solution dissolved in 0.5% dimethyl sulfoxide. For a 
complete dead control, cells were lysed with a hypertonic phosphate buffered saline solution 
containing HCl (1 N), 2% sodium di-laurel sulfate and 5% Triton 100x (LKB Instruments, 
Gaithersburg, MD) 
 
NOA 81 well plates were incubated in disposable Petri dishes atop sterilized gauze pads that had 
been cut to fit the Petri dish and saturated with sterile phosphate buffered saline (PBS, pH 7.4) in 
order to create a humid microenvironment and prevent evaporation of the cell culture medium. 80µl of 
5.0x10
5
 cells/ml solution were incubated with the polyanhydride libraries in the discrete NOA 81 
substrate.  10µl of MTT salt solution was added to each well. Plates were returned to the incubator for 
2-3 hours. The solution was then transferred to a 96 well ELISA microplate, and each NOA 81 well 
was washed with 80 µl acidic alcohol solubization solution, which was then added to the microplate 
wells.  Optical density at 570nm (characteristic absorbance of purple formazan) over background at 
690nm was measured using a spectrophotometric microplate reader. 
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3. Results and Discussion 
3.1. Nuclear Magnetic Resonance (
1
H NMR) 
NMR spectra measured assure the substrate did not interfere in the parallel synthesis of the 
copolymer libraries.  Polyanhydride libraries with concentrations three times higher than that used in 
the cytotoxicity assays were used in characterization to produce signals large enough to interpret.  
Representative spectra and lettered chemical shifts denoted in Figure 4.4 for CPH:SA are marked as 
such from comparison to previous work [22, 27].   
 
 
Figure 4.4. 50:50 CPH:SA copolymer 
1
H NMR shifts. 
 
NMR spectra showed no difference between conventional syntheses methods of similar volumes 
performed in glass vials and the new combinatorial method performed in the NOA 81 substrate wells.  
Mole fraction gradients in the CPH:SA system produced the expected changes in 
1
H NMR peak area.  
That is, peaks corresponding to the CPH portion of the copolymer (Peaks a-e in Figure 4.4) became 
less intense when compared to SA peaks (Peaks f-I in Figure 4.4) as the CPH content was reduced.  
67 
 
This suggests the NOA 81 substrate did in fact isolate discrete copolymer compounds with minimal 
cross-contamination, and that the deposition robot created a smooth compositional gradient. 
 
It is also important to note the absence of any appreciable end group peaks.  While this makes 
measurement of molecular weight impossible [40] it suggests that the syntheses did in fact drive off 
much of the prepolymeric acid groups, producing long polymer chains. 
 
3.2. Gel Permeation Chromatography (GPC) 
GPC was performed on various CPH:SA copolymers to verify the data from the NMR spectra (see 
above) of high-molecular weight polymerization during synthesis in the wells.  As shown in Table 4.1, 
the copolymers had high number-average molecular weights, and the average polydispersity index 
was 2.2.  These values are consistent with previous work on polyanhydrides, and add further support 
to the contention of successful synthesis of high molecular weight polymers in the discrete wells [9, 
27, 40-42]. 
 
Table 4.1. Number average molecular weight and polydispersity index of CPH:SA copolymers 
synthesized combinatorially 
Trial Mn (Daltons) Polydispersity index 
1 11154 2.2 
2 12656 2.5 
3 9692 2.1 
4 10849 2.4 
5 13264 2.0 
6 16477 2.0 
 
3.3. Fourier Transform Infrared Spectroscopy (FTIR) 
In order to quantify an FTIR spectrum and obtain valuable information on the relative amounts of 
constituents, the chemical functionalities of the multi-component sample must be paired with the 
measured absorption bands.  Once the high absorbing bands are identified, a decision must be made 
as to which peak(s) to choose to represent each component in the sample.  A typical IR spectrum of a 
poly(CPH)/poly(SA) copolymer is shown in Figure 4.5.  The characteristic peak chosen for poly(CPH) 
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is a sharply defined peak at 1605 cm
-1
 and represents the aromatic ring stretching of the CPH moiety.  
The feature chosen for poly(SA) is at 1810 cm
-1
 and represents the carboxyl anti-symmetric stretching 
of the aliphatic-aliphatic anhydride bond [43].   
 
 
Figure 4.5. Representative FTIR spectrum of a 60:40 mole% CPH:SA copolymer. 
 
Each of the characteristic peaks were mathematically fitted with standard normal distributions in order 
to calculate the area occupied by each band.  The calculated peak areas for CPH (1605cm
-1
) and SA 
(1810cm
-1
) were ratioed to one another and divided by their respective monomer molecular weights in 
order to account for the effect that differing values of Mr might have on the area of the characteristic 
peak.  The peak areas were also divided by their respective number of occurrences of characteristic 
peak functionality per monomer.  Since the characteristic functionality for CPH (aromatic ring) and SA 
(aliphatic-aliphatic anhydride bond) both occur twice per monomer unit, the effect can be factored out.  
The measured area ratios were compared to a previously prepared calibration to elucidate the actual 
CPH mole fraction.  Figure 4.6 shows the resulting CPH/SA composition gradient as a function of 
position in the 5x4 array.  The linearity of the profile spanning the library demonstrates not only the 
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accuracy of the deposition apparatus but also the viability of the thiolene/silicon substrate as a 
platform for high-throughput transmission FTIR characterization and parallel synthesis. 
 
 
Figure 4.6. Comparison of predicted and experimentally measured composition in a 5x4 
discrete library (95% confidence intervals). 
 
3.4. MTT Cytotoxicity Screening 
The MTT assay was chosen for screening of the polyanhydrides’ cytotoxicity due to its prevalent use 
in biocompatibility studies, with a decrease in cell viability being correlated to a decrease in optical 
density [44-47].   
 
A value of optical density (OD) for which cells were considered dead was established with two 
independent controls.  Figure 4.7 describes the results of an investigation of any confounding 
polymer/MTT interaction that might result in an artificially high OD in the absence of any viable cells.  
For a working range of 0 mg/ml to 15.00 mg/ml it was observed that the OD for the MTT assays 
remained below 0.1, regardless of copolymer composition.  This value was further verified with an 
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MTT assay performed on media-only in the discrete wells to control for any interaction with the optical 
adhesive.  Average OD for the second study was also found to be 0.1. 
 
 
Figure 4.7. MTT assays w/polymer only (no cells) control study (8hr increments). These results 
indicate that the polymer/MTT interaction is week as the average OD was less than 0.1. 
 
In order to estimate the polyanhydride concentrations at which they begin to be cytotoxic, a 
concentration gradient from 0 to 18.75 mg/ml 50:50 CPH:SA was synthesized and assayed with MTT 
and Sp2/0 mouse myeloma cells.  The results presented in Figure 4.8 display a linear relationship of 
increasing cell viability with decreasing copolymer concentration.  A concentration of 2.80 mg/ml was 
selected from this data for the compositional assay, as it produces an MTT signal twice that of the 
control value, readily resolving any compositional effect on cytotoxicity. 
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Figure 4.8. Cell (Sp2/0 mouse myeloma) viability as a function of 50:50 CPH:SA concentration.  
A concentration of 2.8 mg/mL was selected for the compositional study. 
 
Three CPH:SA 2.80 mg/ml compositional libraries were assayed and averaged with L929 myeloma, 
CHO epithelial, and J774 macrophage cell lines (Figure 4.9).  At a concentration of 2.8 mg/ml, the 
polyanhydrides have little to no cytotoxic effect, evidenced by close OD values for the “no-polymer” 
control and the polymer-filled wells.  Figure 4.10 below, shows that copolymer composition has a 
weak effect on modulating cytotoxicity, suggesting that this class of materials is a promising carrier for 
in vivo applications.  This result is consistent with numerous conventional (one-sample-at-a-time) in 
vitro and in vivo studies that attest to the biocompatibility of polyanhydride systems [13, 40, 48-50]. 
 
 
Figure 4.9. Averaged data for the compositional MTT screening of CHO, L929 and J774 and 
compared against positive control wells (no polymer). 
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Figure 4.10. Plot of three composition libraries averaged over Sp2/0 myeloma, CHO epithelial, 
J774 macrophage and L929 cell lines.  There was no correlation between the composition of 
the polyanhydrides and toxicity.  The cell viability in the wells with polymer was statistically 
the same as that in the wells with no polymer regardless of chemistry. 
 
4. Conclusions and Future Directions 
We have outlined an ultra rapid method for prototyping discrete library substrates for high-throughput 
polyanhydride cytotoxicity screening via MTT assay.  We have validated this methodology with NMR 
and GPC characterization of an example polyanhydride library deposited rapidly and synthesized in 
parallel.  The discrete library was rapidly screened with standard myeloma, epithelial, and 
macrophage cell lines and was found to have no pronounced cytotoxic affect for any CPH:SA 
composition at a concentration higher than that ever expected in in vivo applications [9].  These 
results add to the large body of evidence supporting the use of polyanhydrides as biocompatible 
materials for use in drug delivery devices, and will be further supplemented with future MTT assays 
using primary, rather than immortally-transformed, cell lines.  
 
Future work is focused on the study of primary antigen presenting cell activation by polymer libraries, 
given preliminary evidence that polymer composition can shift Th1/Th2-type immune response bias. 
Combining high-throughput polymer synthesis and Luminex bead assay for cytokines will enable the 
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rapid screening of new polymer compositions for their ability to modulate immune response. Possible 
nonlinear polymer composition dependence on cytotoxicity may be resolved with multiple iterations. 
 
More importantly than simply presenting a verification of the known biocompatibility of the CPH:SA 
system, we have developed a highly generalized method that will be invaluable in the rapid testing 
and discovery of optimally tuned polymer compositions for drug delivery.  Discrete libraries of virtually 
any geometry can be rapidly produced to screen polymers at any desired resolution.  Similarly, the 
thermally cured NOA 81 substrate has been newly demonstrated to be highly robust during synthesis 
at high temperature in the presence of chloroform and DMSO (results not shown).  Thus, many 
different types of polymer libraries can be created via melt polycondensation in many solvents. 
 
Such a robust, rapid, and generalized method has great potential in various applications.  A simple 
modification of the study could allow for time-dependent monitoring of polyanhydride degradation and 
cytotoxicity in parallel.  The study of drug release kinetics is an aspect that would also particularly 
benefit from a combinatorial methodology, as unique release mechanisms have been demonstrated 
at various copolymer compositions [1, 7, 10].  Our discrete substrate may also find use in high-
throughput screening of biodegradable tissue scaffolding materials [51] and integration with 
microfluidics [37], thus providing a unique combination of generalized high throughput testing, rational 
design, and discovery of new biomaterials. 
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Chapter 5. Conclusions 
 
1. Combinatorial/High-throughput Methods for Determination of Polyanhydride Phase 
Behavior  
Continuous and discrete library methodologies were implemented in the combinatorial and high-
throughput determination of polyanhydride blend phase behavior.  The continuous gradients were 
fabricated by using a three step solution-based flow coating method.  Discrete gradient arrays were 
rapidly prototyped with an XYZ translational robot and microfluidic printer head.  Blend compositional 
profiles were quantified by high-throughput FTIR coupled with mathematical Gaussian peak fitting 
models.  A unique thiolene/silicon prototyping platform was developed specifically for bulk property 
measurement via transmission spectroscopy.  To obtain phase diagrams of poly(CPH)/poly(SA) 
blends, the applied gradient libraries were annealed using a custom built temperature gradient stage 
outfitted with atmospheric control.  Optical microscopy was used to locate the miscibility phase 
boundary marked by differential microstructure induced opacity fluctuations (cloud points).  Results 
were compared with theoretical phase diagrams derived from the application of Flory-Huggins theory 
of binary polymer miscibility and excellent agreement was obtained.  Phase boundary observation via 
conventional sampling methods provided validation that the combinatorial methods correctly 
predicted both the UCST behavior and the phase boundary in the polyanhydride blend system 
studied.  The results of this study imply the adaptability of generalized combinatorial and high-
throughput techniques to other polymer systems along with the implementation of other combinatorial 
applications (protein/polymer interactions, cell activation/viability) to polyanhydrides.    
 
2. Ultra High-throughput Cytotoxicity Screening 
The cytotoxic effect of polyanhydride chemistry and concentration on the viability of cells was studied 
by means of a novel high-throughput screening method.  Discrete libraries of CPH/SA copolymers 
were rapidly prototyped by application of robotics and microfluidics to photolithographic substrates.  
Parallel synthesis of copolymers was validated by NMR, GPC, and high-throughput transmission 
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FTIR.  Libraries containing standard myeloma, epithelial and macrophage cell lines were rapidly 
screened via MTT assay and were found to have a negligible cytotoxic effect for any CPH/SA 
composition at higher concentrations than would be experienced in in vivo applications.  These 
findings not only validate the biocompatibility of polyanhydride drug carriers but also provide a 
generalized platform for the screening of other biomaterial chemistries for cell viability.  The capability 
of the thiolene array for rapid prototyping, parallel synthesis and high-throughput characterization 
lends to its ease of integration into other biomaterial applications.  
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Chapter 6. Future Work 
 
1. Characterization of Polyanhydrides for Phase Behavior via Combinatorial/High-throughput 
Small Angle X-ray Scattering (SAXS) 
In this thesis, we have shown the feasibility of applying continuous and discrete methodologies to the 
observation of polyanhydride phase behavior via optical microscopy.  However, this technique is 
limited to blend compositions free of poly(CPH) rich crystallinity features.  Observation of cloud points 
in the poly(CPH) rich region requires characterization methods capable of detecting and 
differentiating microstructure (miscibility or crystallinity) at a higher degree of resolution.  Ex situ 
atomic force microscopy (AFM) was used by Kipper et al. [1] to fill the detection gap left by optical 
microscopy.  While this method is highly sensitive (vertical resolution ≈ 0.1nm, [2]), its slow scanning 
rate renders it as a low-throughput technique.  The gap between sensitivity and high speed 
automation can be bridged through the use of small angle x-ray scattering (SAXS).  The ability of 
SAXS to provide nanometer scale resolution [3] paired with the relative ease of implementing high-
throughput techniques makes it an excellent candidate for phase behavior experimentation.  A 
schematic of a combinatorial/high-throughput SAXS prototype is shown in Figure 6.1.  The basic 
design of the SAXS prototype involves five isothermal heating blocks sandwiching a 9x5 discrete 
array of CPH/SA blend samples.  Each isothermal stage heats nine composition gradient samples 
along the horizontal axis while each individual temperature is varied from 50°C to 150°C along the 
vertical axis in 25°C increments.  The sample array is a 1/64” – 1/32” thick sheet of aluminum with 
tapped holes to contain the polymer pellets. These holes form the sides of the sample well and are 
covered on both sides with x-ray transparent kapton tape (Kaptontape.com, Torrance, CA).  Blend 
sample solutions are loaded via microfluidic/robotic liquid deposition and rid of solvent by heat 
induced evaporation.  The isothermal blocks are heated on both sides by 50W ¼” ID 2” long cartridge 
heaters (CSS-10250/120V, Omega, Stamford, CT) controlled by a PID auto-tune temperature 
controller (CN9000A, Omega).  Five K-type 1/16” ID 3” long thermocouples are situated near the 
sample array in order to provide accurate temperature readings for the controller.  The side of the 
heating block facing the synchrotron x-ray source (ANL, Argonne, IL) has straight hollow channels for 
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the light to travel through.  Upon collision with the polymer/kapton pellet, the scattered x-rays exit out 
the opposite end of the heating mantle in a hollow channel tapered to accommodate scattering 
vectors up to 5° off normal.   
 
Figure 6.1. Schematic of combinatorial/high-throughput SAXS prototype for phase behavior 
experimentation.   
 
The final data collected by the detector is in the form of intensity versus normalized scattering vector.  
Miscible regions of the phase diagram are identified by intensity/scattering vector plots that exhibit 
smooth transitions from the low scatter angle / high intensity region to the low intensity / high scatter 
angle region.  Phase separated samples have intensity/scattering vector plots similar to their miscible 
counterparts except for the presence of peak-like inflections due to microstructure scattering.  Each 
polymer blend pellet is subjected to highly attenuated x-rays for exposure times on the order of 
seconds.  Programmable robotic sample manipulation used in conjunction with x-ray auto sampling 
and short exposure times make this technique truly high-throughput.  The high resolution capability of 
the SAXS combinatorial prototype complements other microscopy techniques for the determination of 
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polyanhydride phase behavior.  Dimensions and general machining notes of the custom-fabricated 
SAXS prototype are shown in Figures 9-14 of the Appendix.   
 
2. Combinatorial/High-throughput Synthesis of Polyanhydride Nanospheres via Chemical 
Inkjet Printing 
We have shown the ability to rapid prototype, synthesize and characterize discrete arrays of 
polyanhydride copolymers.  Application of this work to nanosphere fabrication can easily be 
extrapolated.  The main goal would be to design polyanhydride nanoadjuvants with tailored chemistry 
and size for optimal cellular activity and phagocytosis by dendritic cells.  While the exact mechanism 
by which polyanhydride nanoadjuvants influence the balance between a humoral (Th2) response and 
a cellular (Th1) response is not clear, it is reasonable that adjuvant hydrophobicity has a role in 
achieving a favorable immune response [4].  In other words, the hydrophobicity of the nanoadjuvant 
affects the structure of the protein to be delivered and therefore determines which pathway is taken.  
In order to determine which polyanhydride formulation is the most efficient in inducing a cell-mediated 
immune response, a discrete library of CPH, SA and CPTEG must be screened for its ability to 
activate dendritic cells.  To test the library for dendritic cell proliferation (cytokine production), a 
fluorescent bead assay could be performed.  A cell-mediated immune response requires that both the 
dendritic cells phagocytose the nanoadjuvants and present the polypeptides to the right MHC 
molecules.  To determine the optimal nanoadjuvant dimensions, a high-throughput method must be 
established to synthesize monodisperse, protein-loaded nanoparticles.  Three methods can be 
considered for this task.  It is very likely that the end product will be a retrofit of one or more methods.  
In the first method [5], Solid/Oil/Oil (S/O/O), polymer is dissolved in an organic solvent and protein 
and emulsified using a homogenizer.  After the protein is emulsified in the homogeneous polymer 
solution, the protein/polymer suspension will be further emulsified with Dow Corning oil and organic 
solvent.  The final step involves dropwise addition of the emulsion into heptane and collection by 
filtration.   
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The second method, cryogenic atomization, utilizes the same procedure to prepare the 
protein/polymer suspension as S/O/O [6, 7].  The only difference is that the suspension is sprayed out 
an ultrasonic atomizing nozzle into liquid nitrogen overlaying frozen ethanol.  Once the liquid nitrogen 
thaws, the frozen nanospheres sink into the ethanol where it is ready for filtration.  Cryogenic 
atomization can be paired with the use of a Jetlab II table-top printing platform (Microfab, Plano, TX) 
to produce monodisperse particles.  The third device (Figure 6.2) utilizes coaxial pipettes to create 
monodisperse double emulsions [8].  The advantage of this method is that it is a continuous process.  
A disadvantage is that currently it can only make microspheres.  Once a robust method for 
nanoparticle synthesis is developed, libraries of polymer formulation and adjuvant size will be used in 
conjunction with flow cytometry to determine phagocytosis efficiency.  The last step is to study the 
ability of phagocytosed nanoadjuvants to elicit a favorable immune response.   
 
 
Figure 6.2. Diagram of a microcapillary device for generating monodisperse emulsions. 
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Appendix A. Computer Aided Drafting Schematics of Custom-Fabricated 
Laboratory Equipment 
 
 
 
Figure A.1. Isometric view of the continuous temperature gradient stage.   
 
 
Figure A.2. Top view of the continuous temperature gradient stage.  
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Figure A.3. Front view of the continuous temperature gradient stage.   
 
 
Figure A.4. Side view of the continuous temperature gradient stage.   
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Figure A.5. Isometric view of the environmental control shroud base.   
 
 
Figure A.6. Top view of the environmental control shroud base.   
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Figure A.7. Front view of the environmental control shroud base.   
 
 
Figure A.8. Side view of the environmental control shroud base.   
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Figure A.9. Schematic of SAXS prototype assembly components. 
 
 
Figure A.10. Front view of heating block part #1. 
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Figure A.11. Top view of heating block part #1. 
 
 
Figure A.12. Front view of heating block part #2. 
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Figure A.13. Top view of heater block part #2.  Part #3 is the same as Part #2 except for the 
lack of scatter notches on the bottom. 
 
 
Figure A.14. Front and side view of SAXS prototype base. 
 
